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Shock Features in Merging Galaxy Clusters

In the hierarchical scenarios of the large-scale structure formation of the universe, galaxy clusters form by subcluster mergers and infall. Such mergers inject
tremendous amounts of energy (⇠ 1064 erg) into the intracluster medium (ICM),
triggering shocks, generating turbulences and accelerating particles. These dynamical activities often produce contact discontinuities between gas of di↵erent entropies
that can be seen as surface brightness edges in X-ray observations.
After the launch of Chandra, with its sub-arcsec resolution, many unseen
hydrodynamical phenomena were revealed, such as cold fronts and bow shocks. The
cold fronts in mergers are ubiquitous and can be formed by the motion of the cold
dense subcluster core in the hot ambient gas. Unlike cold fronts, observed bow shocks
in merging cluster are rare.
The shocks and turbulence triggered by mergers may amplify magnetic fields
in the cluster and accelerate relativistic particles. These non-thermal phenomena
have been revealed by the detection of Mpc-scale di↵use radio emission. Di↵use radio
emission may take the form of radio halos and relics, which di↵er in the location within
the cluster and in their polarization properties. Recent studies hint at a correlation
between X-ray shocks and di↵use radio relics.
iv

Shocks are the most important sources of heating in galaxy clusters. Despite
their rarity, they have been studied extensively on individual scales. However, a systematic sample study is necessary to recognize any general pattern in merger shocks.
With this goal, we constructed a Sample of Chandra ClustErs with Robust Shocks
(SoCCERS) to study shock properties, the related merger phenomena and particle acceleration. The sample includes 16 galaxy clusters where shocks are robustly detected
with the Chandra X-ray data, from the surface brightness jumps and the changes on
thermodynamic properties. The sample can be further divided into two categories:
with or without di↵use radio emission (DRE).
We begin by studying merger shocks in 3C89 and Abell 665. 3C89 is a unique
bow shock system associated with a wide angle tail (WAT) radio galaxy and several
intriguing substructures. The bow shock is this system is consistent with the Mach
number M ⇠ 1.6. Abell 665 hosts a bright radio halo. Our study found a very strong
merger shock with the Mach number M ⇠ 3 in Abell 665 which is weakly correlated
with the radio relic. This newly discovered strong shock provides a great opportunity
to study the re-acceleration model with the X-ray and radio data combined.
We compared several shock parameters from SoCCERS clusters such as i)
shock strength vs. system temperature vs. o↵set from the cluster centroid, ii) cold
front vs shock shape. We found that the clusters with DRE tend to have higher system
temperature than clusters without DRE. Also, from all known shock front/cold front
pairs, it appears that the physical scale of the shock front is correlated with their
respective cold front. A comparison between the shock stando↵ distance and the
Mach number suggests that cores are continuously shrinking in size by ram pressure
v
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CHAPTER 1

INTRODUCTION

1.1

Introduction to Galaxy Clusters
Galaxy clusters are large scale structures that consist of hundreds of thousands

of galaxies which are bound together by gravity. They typically spread over a region
of roughly few Mpc with masses ranging from 1014 - 1015 M . There are three
main components that contribute this mass: galaxies and stars comprise ⇠ 2%, the
di↵use hot gas emitting X-rays makes up ⇠ 10%, and dark matter accounts for the
remaining mass (Grego et al., 2001; Allen et al., 2002; Gonzalez et al., 2007). These
massive systems are formed from mergers of smaller subunits. Galaxy clusters were
first studied by Wolf (1906). Abell in 1958 compiled an extensive and statistically
complete catalog of rich clusters of galaxies (Abell, 1958). One of the key features of
clusters is the intracluster medium (ICM) which consists of ionized gas at temperature
⇠ 108 K and density ⇠ 10

3

atoms / cm 3 . Some of the nearby clusters include the

Virgo cluster. The Milky Way is a part of the Virgo supercluster, which hosts the
Andromeda and ⇠ 50 dwarf galaxies.

1

1.2

Observations of Clusters
Observations of galaxy clusters provide a way of looking into the unimaginable

depth of space. We know that galaxies contribute a very small fraction of the total
mass of the cluster, but they are the clearest signposts for detection of these massive
systems. They have been studied extensively over a wide range of wavelengths.

1.2.1

Optical
The optical detection of galaxy clusters is now less expensive both financially

and observationally than before. The large arrays of CCD detectors on a medium
sized telescope can be utilized to perform all-sky surveys which allow cluster detection
to z ⇠ 0.5. For example, the Sloan Digital Sky Survey (SDSS) is one of the most
successful surveys in the history of optical astronomy. SDSS uses a 2.5-meter wideangle optical telescope located at Apache Point Observatory in New Mexico. The
optical image of the galaxy cluster Abell 1689 is shown in Figure 1.1.
There are two widely used catalogs of galaxy clusters: one developed by Abell
(1958) and the other by Zwicky et al. (1961–1968). Both of these catalogs were made
by identifying clusters as increments in the surface number density of galaxy on the
National Geographic Society-Palomar Observatory Sky Survey (Minkowski & Abell,
1963). The Abell catalog contains 2712 clusters which satisfy magnitude, radius and
redshift criteria. While, the Zwicky’s catalog was made using fewer constraints and
has over 30,000 clusters.

2

Figure 1.1: The HST image of Abell 1689. The gravitational lens bends and magnifies the light of background galaxies. Image used from Hubble site gallery.

Abell’s criteria to for galaxy clusters were: 1) the cluster should contain at least
50 galaxies in the optical magnitude range m3 to m3 + 2, where m3 is the magnitude
of the third brightest galaxy in the cluster; 2) these galaxies should contained within
a circle of radius RA = 1.7 / z arcmin, where z is the estimated redshift of the cluster;
3) the estimated redshift of the cluster should be in the range 0.02  z  0.20. RA is
called the Abell radius of the cluster. Out of 2712 clusters in the Abell catalog, 1682

3

satisfy all these criteria. The rest of the clusters were discovered during the search
and were included to form a more extensive list for clusters.
The criteria for Zwicky’s catalog were: 1) the cluster boundary was determined
by the contour where the galaxy surface density dropped to twice the local background
density; 2) this boundary should at least contain 50 galaxies in the magnitude range
m1 to m1 + 3, where m1 is the magnitude of the brightest galaxy in the cluster. Unlike
Abell’s catalog the Zwicky’s catalog has no distance limits and allowed more number
of clusters. There are also smaller catalogs which include clusters of the southern sky
or high redshift clusters (z

0.2).

A cluster’s richness is measured by the number of galaxies associated with it.
Measuring richness can be challenging because of the presence of background galaxies. Richness - a measure of the population of a cluster is based on the operational
definition of the cluster membership. The Zwicky’s catalog defines the richness of
their clusters as the total number of galaxies visible in the defined cluster boundary
with the number of background galaxies subtracted. Thus, the richness of the clusters in Zwicky’s catalog depend on cluster redshift. On the other hand Abell defined
richness using the criteria that are independent of distance. Abell’s criteria to define
richness was based on the magnitude range and the area enclosed within the Abell
radius which did not change with redshift. The clusters can be crudely classified into
three ways based on their morphology: Regular (n ⇡ 100), Intermediate (n

10)

and Irregular (n < 10).
The other important cluster characteristic is the luminosity function of galaxies. It gives the number distribution of the luminosities of the galaxies. The in4

tegrated luminosity function N (L) is the number of galaxies with the luminosities
greater than L. Observationally, the luminosities of the brightest cluster galaxies
exhibit small variation and are weakly depended on cluster’s richness. Optical observations measure the luminosity, velocity dispersion and the gravitational lensing of
the galaxies. The velocity dispersion measurements can be used to estimate cluster’s
mass and its dynamical state. The Gaussian velocity distribution in clusters suggests
that they are partially relaxed systems. They may not be fully relaxed to thermodynamic equilibrium. The velocity dispersion is defined by

r

= (kT /m)1/2 , where T is

the ICM temperature and m is the galaxy mass. Any local structure in a gaussian
velocity distribution may indicate a non-relaxed state of the cluster.
The regular clusters are often dominated by a single very luminous (cD) galaxy.
They are generally elliptical galaxies which lie close to the center the cluster and are
also known by the brightest cluster galaxy (BCG). cD galaxies are found very near to
the cluster center and show a small magnitude dispersion of ⇠ 0.3 magnitude. They
are more extended than average large elliptical galaxies. Hoessel (1980) found that
the cD galaxies have higher core radii than the average giant elliptical galaxies. One
explanation for their large sizes is the dynamical processes occurring continuously in
clusters.
In future, ever larger and deeper surveys will permit the characterization of
the cluster population to lower masses and higher redshifts. Projects like the Large
Synoptic Survey Telescope (LSST) can map entire visible sky in just a few nights;
each panoramic snapshot with the 3200-megapixel camera covers an area 40 times
the size of the full moon. The LSST is a new kind of telescope with light gathering
5

power equal to a 6.7-meter primary mirror. Currently under construction in Chili,
LSST is a multinational project.

1.2.2

X-ray
M87 - a supergiant elliptical galaxy in the Virgo cluster was the first extra-

galactic object detected as an X-ray source. Similar sources were also detected in the
Perseus and Coma cluster (e.g., Byram et al., 1966; Fritz et al., 1971; Gursky et al.,
1971b,a). Cavaliere et al. (1971) suggested that these X-rays sources were associated
with clusters of galaxies. This was further verified by the launch of Uhuru X-ray
satellite which also permitted the first ever all-sky survey for X-ray emission (Giacconi et al., 1972). The earlier Uhuru observations provided important informations on
these X-ray sources such as: the galaxy clusters are extremely luminous with the with
typical X-ray luminosities in the range of LX ⇠ 1043

1045 ergs s 1 , these sources

are of large scale with the size ranging from 200 to 3000 kpc. The spectra of these
sources suggested that the X-ray emission from these sources are di↵use in nature,
and not the result of many compact sources.
The clusters of galaxies were found to be an important class of X-ray sources.
Out of three most prominent X-ray emission mechanisms: thermal bremsstrahlung
from a hot di↵use ICM (Felten & Morrison, 1966), Inverse Compton scattering
(Brecher & Burbidge, 1972; Bridle & Feldman, 1972; Costain et al., 1972), or a population of individual X-ray sources (Fabian et al., 1976). The idea of X-ray emission
resulted by many individual sources was rule out by the Uhuru observations (e.g.,
Katz, 1976).
6

In many galaxy clusters, a strong radio emission has been observed. This leads
to an idea that the X-ray emission might be produced by the relativistic electrons
that also produce the radio emission. The Inverse Compton (IC) X-ray emission of 1
keV photon would be produced by relativistic electrons with

⇠ 103 . The IC model

suggests the strong X-ray-radio correlation which is not observed. Also, the IC model
predicts power-law spectra of galaxy clusters, which is not consistent with the X-ray
observations. The observed individual X-ray emission lines are also not explained by
this model.
Felten et al. (1966) suggested that the origin of the di↵use X-ray emission
in galaxy cluster is due to very hot intracluster gas at temperature ⇡ 108 K and
density ⇡ 10

3

atoms cm 3 . The primary process for X-ray emission from gas at

such temperature and densities is the thermal bremsstrahlung emission. The detection of 7 keV Fe thermal emission lines further confirmed the thermal nature of the
emission mechanism (Mitchell et al., 1976). This line emission suggests that the gas
abundances in clusters are roughly solar. Such iron rich gas may have been ejected
from stars. However, no significant star population bounded to galaxies have been
known. The alternate model suggests that the intracluster gas might have come from
a “pre-galactic” generation of stars (e.g., Carr et al., 1984). If the gas originated
from galaxies, this suggests there have been a significant exchange of gas between
stars, galaxies, and the ICM. A more detailed discussion on the physical state of the
intracluster X-ray emitting gas is given in Section 1.5.
When the intracluster gas was first observed in X-rays, the natural question
raised was why this gas so hot? In galaxy clusters the source of heating is the strong
7

Figure 1.2: Chandra X-ray image of the nearby galaxy cluster Abell 3627. The image
shows multiple infalling bodies. The X-rays morphology suggests that the cluster is
undergoing a merger.

gravitational potential. The obvious explanation is that the clusters have huge masses
and have deep gravitational potential wells. This means the surrounding gas will
move rapidly, colliding with other gas. The cluster gravitational well implies that
the infalling rate of gas to be

1000 km s 1 . Also, hierarchically the clusters are

formed via merger of smaller groups. This may trigger shocks and turbulences which

8

can heat up the ICM gas. Figure 1.2 shows the Chandra X-ray image of the nearby
merging galaxy cluster Abell 3727. The interesting feature in the image is two mass
bodies which are falling in the cluster’s gravitational potential (e.g., Sun et al., 2007).
A great improvement in our understanding on X-ray emitting plasma has come
through X-ray imaging techniques. The Einstein observatory satellite provided X-ray
images of clusters and allowed detailed study of X-ray surface brightness distributions.
Imaging Proportional Counter (IPC) on the Einstein revealed smooth X-ray distribution in galaxy clusters with occasional peaks associated with the cD galaxy near the
cluster center. Forman & Jones (1982) classified clusters containing such cD galaxies as X-ray dominant (XD); and those without cD as non-X-ray dominant (nXD).
Interestingly, they found that XD clusters have relatively smaller X-ray core radius
than nXD clusters.
The exception in smooth X-ray distribution was noticed by the discovery of
double peaked X-ray emission in number of clusters e.g. Abell 98 (Henry et al., 1981)
and Abell 115 (Forman et al., 1981). These two peaks correspond to slightly di↵erent
radial velocity which suggests that the two subclusters are gravitationally bound and
will merge typically in a few hundred million years. Such systems represent the
intermediate stage in the evolution of clusters from irregular to regular distributions.
A breakthrough in the field of X-ray astronomy came with the launch of
NASA’s Chandra X-ray Observatory in July 1999. With the sub-arcsec spatial resolution, Chandra revealed many unseen phenomena in galaxy clusters. The telescope
contains four sets of nested mirrors designed to focus X-rays at high angular resolu-

9

tion. The detailed description of the Chandra telescope and its instruments is given
in section 1.3

1.2.3

Radio
The connection between radio sources and clusters of galaxies was first estab-

lished by Mills (1960). The radio emission in galaxy clusters is of large scale, which
can’t be associated with any individual galaxy. These di↵use sources indicate the
presence of relativistic particles and magnetic field in cluster scale volumes, thus also
the presence of non-thermal processes in the hot ICM. Such emission from individual
sources may interact with the ICM e.g. the distorted structures in radio galaxies and
radio plasma working against X-ray forming cavities in the surrounding regions.
Ever since the discovery of di↵use radio emission in galaxy clusters, this has
been an active topic, both observationally and theoretically. On large scales, di↵use
radio emission traces some of the most energetic turbulence in the Universe. Observationally, it is thus important to examine these di↵use radio sources in detail; e.g.
how are mergers and di↵use radio emissions connected? Why in some clusters radio
emission traces X-ray shocks?
The radio emission from clusters is synchrotron emission due to an interaction
of non-thermal electrons with a magnetic field. The shocks and turbulence triggered
by mergers may amplify magnetic fields in the cluster and accelerate relativistic particles. These non-thermal phenomena have been revealed by the detection of Mpc-scale
di↵use radio emission. Di↵use radio emission may take the form of radio haloes and
relics, which di↵er in the location within the cluster and in their polarization proper10

ties. Such di↵use radio sources are only found in clusters that show complex signs of
mergers. Recent studies show a correlation between X-ray substructures and di↵use
radio emission (e.g., Cassano et al., 2010; Feretti et al., 2012).
Radio haloes are di↵use radio sources of low surface brightness (⇠ µJ arcsec

2

at 20 cm) located at the center of the cluster. They are extended with typical size
of ⇠ 1 Mpc and show no polarization. Clusters hosting giant radio halo are Abell
665 (Vacca et al., 2010), Abell 2219 (Bacchi et al., 2003), Abell 2255 (Feretti et al.,
1997a), Abell 2319 (Feretti et al., 1997b) and the Bullet cluster (Liang et al., 2000).
The occurrence of radio halo in galaxy clusters is not common. The detection rate of
radio halo within the detection limit of the NRAO VLA Sky Survey (NVSS) is only
about 5% (Giovannini et al., 1999). However, the detection probability increases to ⇠
35 % in clusters with the soft X-ray luminosity higher than 1045 erg s

1

(Giovannini &

Feretti, 2002). A comparison between X-ray luminosity and the radio power of halos
at 20 cm done by (Feretti & Giovannini, 2008) found that the most powerful radio
halos are detected in the clusters with the highest X-ray luminosity. However, this
comparison is valid only for merging clusters as many well known relaxed clusters with
massive cooling flow and hight X-ray luminosity don’t exhibit radio halos e.g. Abell
478, Abell 2204 and Abell 576. The correlation indicates that the low mass clusters
with LX  1045 erg s

1

would host halos of the power of the order of 1023 W Hz

1

which is lower than the sensitivity of current instruments. Future radio telescopes
such as the newly built Low-Frequency Array (LOFAR) will allow the detection of low
brightness radio halo, which will clarify if halos are also present in low mass clusters.
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One of the highly discussed topics in cluster physics concerns the origin of
haloes and relics. Since the lifetime of relativistic electrons are shorter than the diffusion time needed to travel the cluster scale volume, some other form of particle
acceleration is needed to explain their existence. The two popular models proposed
to explain the origin of radio haloes are : “the re-acceleration model” that exhibits the
scenario in which relativistic electrons are re-accelerated by magnetohydrodynamic
turbulence injected in the cluster by mergers (e.g., Fujita et al., 2003) and alternatively, also known as “secondary model”, assumes that the relativistic electrons are
secondary products of the collisions between the intergalactic cosmic rays and the
thermal protons in the ICM (e.g., Keshet & Loeb, 2010).
Radio relics are found in the outskirts of the clusters and exhibit high fractional
polarization (e.g., Venturi et al., 2013, V13 hereafter). Recent studies hint at a
correlation between X-ray shocks and di↵use radio relics (e.g., Cassano et al., 2010;
Feretti et al., 2012). This can be explained by the di↵usive shock acceleration of
relativistic electron via X-ray shock which predicts a steep radio relic spectrum (e.g.,
Hoeft & Brüggen, 2007). However, very little work has been done in this field because
of limited number of clusters exhibiting radio relics.
The spiraling motion of relativistic electrons in a magnetic field produces synchrotron emission. An electron in the magnetic field B experiences ⌫ ⇥ B force that
causes it to follow a helical path emitting radiation into a cone of half-angle '
where

1

,

is the Lorentz factor. The radio emitting population of electrons produce

a power-law energy distribution (for more details see Feretti & Giovannini, 2008).
These relativistic electrons lose their energy with time. The energy loss is given as:
12

Figure 1.3: The radio spectra ( emissivity vs frequency) characterized by synchrotron emission. Left: the radio spectra with no energy loss. Right: the steepening
of the spectral index for ⌫ > ⌫ ⇤ . This indicates the presence of aging electrons. Figure
is reproduced from Figure 1 in (Feretti & Giovannini, 2008)
.

E=

E0
,
1 + b(B sin ✓)2 E0 t

(1.1)

where E0 is the initial energy at t = 0, ✓ is the pitch angle between the electron
velocity and the magnetic field direction, and b = 2e4 /(3m4e c7 ). The particle looses
half of it energy after a time t⇤ = [b(B sin ✓)2 E0 ] 1 , also know as the particle lifetime.
Similarly, we define a characteristic energy E ⇤ = [b(B sin ✓)2 t] 1 , such that a particle
with energy E0 > E ⇤ will lose most of its energy in the time t⇤ (Feretti & Giovannini,
2008). This loss in particle energy is identified by the steepening in the slope of the
radio spectrum. A critical frequency ⌫ ⇤ in the radio spectrum is such that for ⌫ > ⌫ ⇤
the spectrum steepens. These changes in radio spectra are illustrated in Figure 1.3.
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A radio spectrum showing no cuto↵ but having steep spectral index also suggests
aging of the radio emitting electrons.

1.3

Chandra X-ray Observatory
We used data taken from the Chandra X-ray Observatory (CXO), one of the

most popular X-ray telescopes. The telescope was previously known as the Advanced
X-ray Astrophysics Facility (AXAF) and was renamed after an Indian scientist Dr.
Chandrasekhar, who was awarded the Nobel prize in 1983. The CXO was launched
on STS-93 July 23, 1999, by the Space Shuttle Columbia. The telescope was partly
built at NASA’s Marshall Space Flight Center. The Smithsonian’s Astrophysical
Observatory in Cambridge, Massachusetts, hosts the Chandra X-ray Center (CXC)
which operates the satellite, processes the data, and distributes it to scientists around
the world for analysis. The center maintains an extensive public website about the
science results and an education program.
The Chandra telescope is designed for high resolution imaging and spectroscopy.
It consists of a High Resolution Mirror Assembly (HRMA), two focal plane instruments, and two transmission gratings. The HRMA is used to focus X-rays onto the
instruments. Two transmission gratings - one for low energy and the other for high
energy are made of gold. The Low Energy Transmission Grating (LETG) is designed
for low energies (0.07 - 0.2 keV) while the High Energy Transmission Grating (HETG)
is optimized for high resolution spectroscopy of brighter sources over the energy band
of 0.4 - 1.0 keV. The two focal plane instruments are the Advanced CCD Imaging
Spectrometer (ACIS) and High Resolution Camera (HRC). The HRC comprises two
14
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Figure 1.4: A schematic drawing of the ACIS focal plane showing arrangement of
the CCDs (reproduced from Chandra X-ray Center).

micro-channel plate imaging detectors and o↵ers the highest spatial (< 0.500 ) and
temporal (16 ms) resolutions. The ACIS has two arrays of Charge Coupled Devices
(CCDs) to convert the X-rays into the number of electrons proportional to the photon
energy (Schwartz, 2004). ACIS-I is arranged in a 2 ⇥ 2 array and is optimized for
imagining wide fields (160 ⇥ 160 ). ACIS-S is arranged in a 1 ⇥ 6 array designed to be
used as a readout of the HETG (see Figure 1.4).
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1.4

Mergers in Galaxy Clusters
Galaxy clusters are formed via gravitational infall and mergers of smaller mass

groups. Such mergers are among the most energetic events in the universe since the
big bang, with the total kinetic energy of the subclusters reaching up to 1064 ergs
(e.g., Markevitch et al., 1999). A significant portion of this energy is dissipated by
shocks and turbulence. Both observations and simulations show that cluster mergers
change the physical characteristics of the ICM (e.g., Markevitch & Vikhlinin, 2007).
This provides an excellent opportunity to understand some important aspects of the
ICM physics, such as thermal conduction, viscosity, self-interaction of dark matter
and particle acceleration (e.g., Spergel & Steinhardt, 2000; Markevitch et al., 2005;
Markevitch & Vikhlinin, 2007; Randall et al., 2008; Bonafede et al., 2012; ZuHone
et al., 2015).
Dynamical activities triggered by mergers often produce contact discontinuities
between gas of di↵erent entropies that can be seen as surface brightness edges in Xray observations. After the launch of Chandra with its subarcsec resolution, many
previously unseen hydrodynamical phenomena have been revealed, such as cold fronts
and bow shocks caused by mergers. Cold fronts in mergers are ubiquitous and can
be produced in primarily two ways. During a merger, a front can appear at the
border separating the infalling cool core of the merging subcluster from the hot cluster
atmosphere. In such a region, gas on the denser, downstream side is colder than
that on the upstream side. In a minor merger, the dense cool core oscillates in
the gravitational potential well forming a sloshing cold front. Cold fronts provide a
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Figure 1.5: Chandra X-ray image of the clusters Abell 2142 and Abell 3667 with
the first discovered cold fronts. Figure adopted from Markevitch & Vikhlinin (2007).

unique laboratory to study transport processes e.g. thermal conduction and viscosity.
Among the first Chandra cluster results was a discovery of cold fronts in merging
clusters of Abell 2142 and Abell 3667 (e.g., Markevitch et al., 2000; Vikhlinin et al.,
2001). Figure 1.5 shows ACIS image of the cold fronts in both systems. When a dense
core moves through a more rarified ICM, the gas flow may drive Rayleigh-Taylor or
Kelvin-Helmholtz instabilities. Observations of the growth rates of these instabilities
can be used to estimate the cluster-scale magnetic field and the transport properties
of the ambient gas Markevitch & Vikhlinin (2007).
Unlike cold fronts, bow shocks in merging clusters are relatively rare, e.g.,
the “Bullet Cluster” 1E 0657-56 (Markevitch et al., 2002), Abell 665 (Dasadia et al.,
2016b), RXJ0334.2-0111 (Dasadia et al., 2016a), Abell 520 (Markevitch et al., 2005),
Abell 2146 (Russell et al., 2012), Abell 754 (Macario et al., 2011), Abell 2034 (Owers

17

et al., 2014), RX J0751.3+5012 (Russell et al., 2014), Abell 521 (Bourdin et al., 2013)
and Abell 2744 (Owers et al., 2011). Observationally, the bow shocks are visible as
edges in X-ray surface brightness. The projection e↵ects and other irregularities in
the image, such as the presence of substructures, bring observational challenges to
detect bow shocks. Thus, for a prominent shock detection, the compression of the
gas has to be near the plane of sky (e.g., Owers et al., 2014). Additionally, the gas
velocities in the merger are of the order of 103 km s

1

which implies a shock of Mach

number M  3. This means such a shock would not form a huge temperature contrast
and would require accurate spectroscopy to estimate the gas velocity on the plane of
sky (e.g., Markevitch et al., 1999; Markevitch & Vikhlinin, 2007). Thus, deep X-ray
observations are required for the analysis of faint merger features. Shocks provide
measurements of gas bulk velocities and can be used to study the micro transport
processes in the ICM like thermal conduction, viscosity and electron-ion equipartition
(e.g., Russell et al., 2012; Randall et al., 2008).
A fraction of the merger energy may be channeled into accelerating ultrarelativistic particles and amplifying cluster scale magnetic fields. Such non-thermal
components have been clearly observed in the radio band. The polarized radio sources
(e.g., radio relics) exhibit Faraday rotation, which is useful to estimate magnetic fields
in the ICM. The typical magnetic field in clusters ranges from B ⇠ 0.1 - 0.3 µG within
r ⇠ 0.1 - 1 Mpc (Carilli & Taylor, 2002). At such magnetic fields and typical ICM
temperatures, the thermal electrons and photons have gyro-radius of the order 108
- 1010 cm respectively, which is many orders of magnitude smaller than the particle
mean free paths (1021 - 1023 cm) in such environments. Also, at typical ICM densities
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and a 1µG magnetic field, the Alfvén velocity (⇠ 50 km s 1 ) is much lower than
the thermal sound speed (⇠ 1000 km s 1 ). This means that the magnetic pressure
contribution is negligible.

1.4.1

Origin of Density Discontinuities
The schematic view of a merging event of non equal mass clusters is shown in

Figure 1.6. Consider two clusters A and B, with A being more massive than B. The
upper panel in Figure 1.6 shows the initial stage of the merger when two subcluster
have just approached each other. The shaded circles depict dense cores of the two
colliding subclusters. Of course, in reality, the cool cores have a continuous density
gradient rather than a solid boundary. The mixing of the outer layers produces shocks
1 & 2. The lower panel in the Figure shows a more advanced stage of the merger. The
shaded region shows the remnants of the cool cores of the two merging subclusters
that have survived shocks and mixing of a merger. The dominant edge on the right
ahead of dense gas is the cold front. A non-zero impact parameter would be required
to avoid complete destruction of the less dense core. The shock fronts 1 & 2 have
propagated to the cluster outskirts. The hotter, rarefied gas near the cold front can
be the result of shock heating.
Cold Fronts are contact discontinuities which imply a continuous thermal pressure and velocity between gas phases. However, a cold front may have a discontinuous
tangential velocity especially when the dense cloud is moving. The emergence of a
cold front is simply illustrated in Figure 1.7. When a smooth spherical dense cool
core begins moving with respect to the surrounding gas, it starts experiencing ram
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Figure 1.6: The schematic diagram showing the origin of density discontinuities due
to the merger of two subcluster with non-equal masses. The upper panel shows the
initial phase when the outer layer of both subcluster are colliding, resulting two shock
fronts (marked by 1 & 2). The lower panel shows the later stage of the merger when
both shocks in the central region of the top panel have propagated to the outskirts.
The cores may develop another shock front which is shown by dashed line. The cool
core of the more massive subcluster (core A) survives and continue to move while
the less dense core (core B) mixes into the other component. (Figure used from
(Markevitch & Vikhlinin, 2007)).
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Figure 1.7: The emergence of a density discontinuity from an initially continuous
density distribution. The arrows show the direction of the motion. (Image used from
(Markevitch & Vikhlinin, 2007)).

pressure which resists the motion. Denser gas experience smaller drag while the less
dense gas in the outer layer is squeezed to the sides by the ram pressure. Thus, a
contact discontinuity is produced by stripping o↵ the gas layer that is not in the
pressure equilibrium with the flow.
Shock fronts are tangential discontinuities for which the density and the thermal pressure across layer can be discontinuous. Merger shocks are produced by supersonic flow motions during hierarchical clustering of nonlinear structures. They
have been predicted by hydrodynamical simulations (e.g., Schindler & Mueller, 1993).
Typically, merger shocks have low Mach number, M  3, because the sound speed
in the gas of the main cluster and the infalling velocity of the subcluster both reflect
the same gravitational potential of the main cluster (e.g., Sarazin, 1988). In major
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mergers (mergers of subclusters with comparable masses) it is unlikely to observe a
shock front with M

1.5

1.

Physics of the Intracluster Medium
At cluster temperatures, the intracluster gas is highly ionized. In this section,

I describe the thermal state of the ICM gas and the basic radiative processes in the Xray emitting plasma. I will also describe ICM microphysics and methods to measure
gas properties.

1.5.1

Radiative Processes in X-ray Plasma
There are several processes responsible for X-ray emission in galaxy clusters.

Out of all possible mechanisms, the observations provided a great deal of support for
the thermal bremsstrahlung model. At first, Felten in 1960 suggested X-ray emission
from Coma cluster was caused by di↵use hot gas (T ⇠ 108 K) in the ICM at the
density of n ⇡ 10

3

cm 3 . At such temperature and densities, the primary emission

process for a gas composed of mainly of hydrogen is thermal bremsstrahlung emission. Bremsstrahlung means “braking radiation”, is caused when a charged particle
is decelerated by the presence of another charged particle, thus emitting radiation.
The emissivity, defined as the emitted energy per unit time per unit frequency per
unit volume is defined as

✏⌫ =

dE
.
dt d⌫ dV
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(1.2)

The emissivity at the frequency ⌫ of an ion of charge Z in a plasma with an
electron temperature Te is given by

✏f⌫ f

✓
◆1/2
25 ⇡e6
2⇡
=
Z 2 ne ni gf f (Z, Te , ⌫)Te
3me c3 3me k

1/2

e

h⌫/kTe

,

(1.3)

where ni and ne are the number density of ions and electrons respectively and
gf f (Z, Te , ⌫) is the Gaunt factor which corrects for quantum mechanical e↵ects. Equation (1.2), indicates that for a single temperature plasma, the X-ray spectrum should
be close to an exponential of the frequency and predicts that the emission from clusters should fall o↵ rapidly at high frequencies, as it is observed.

1.5.2

Kinetic Equilibrium
For a homogeneous plasma, the elastic collisions bring free particles into kinetic

equilibrium and develop a Maxwellian distribution. The time scale to achieve kinetic
equilibrium is known as the “equilibrium time” (teq ). The time scale for a particle
with mass m1 and charge Z1 e to collide with a particle of mass m2 and charge Z2 e
with the number density n2 at a temperature T is:
p
3m1 2⇡(kT )3/2
teq (1, 2) = p
8⇡ m2 n2 Z12 Z22 e4 ln⇤

(1.4)

Here, ln⇤ ⌘ ln(bmax /bmin ) ⇡ 40 is the Coulomb logarithm, and bmax and bmin are the
maximum and the minimum impact factor for Coulomb collisions.
The collision between electrons will bring them into equilibrium on a time
scale of
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⇣ T ⌘3/2 ⇣
ne
teq (e, e) ⇡ 3.3 ⇥ 10
8
3
10 K
10 cm
5

3

⌘

1

yr.

(1.5)

The equilibrium time for protons teq (p, p) is roughly 43 times longer than teq (e, e)
and the time scale for protons to collide electrons and reach equilibrium, teq (p, e) is
approximately 1870 times longer than teq (e, e). For a typical ICM conditions, these
time scales are teq (e, e) ⇠ 105 yr, teq (p, p) ⇠ 4 ⇥ 106 yr and teq (p, e) ⇠ 2 ⇥ 108 yr.
1.5.3

Mean Free Paths
The mean free path of electrons without a magnetic field can be determined by

Coulomb collisions. The electrons and ions have same mean free path as the shorter
Coulomb collision time for electrons is compensated by their faster speed. Thus, the
mean free path of electrons and protons are

p

=

e

⇣ T ⌘2 ⇣
33/2 (kT )2
ne
= 1/2 4
⇡ 23
4⇡ ne e ln⇤
108 K
10 3 cm

3

⌘

1

kpc.

(1.6)

Usually, the mean free paths of electron and ions are only about 2% of the
cluster radius (⇠ 1 Mpc). Therefore, it is well enough to approximate ICM as a fluid.
However, this approximation may not hold in the outer region where number density
(ne ) is significantly low.

1.5.4

Magnetic Fields and Gyroradii
The detection of cluster scale di↵use radio emission suggests that the ICM

contains a significant magnetic field, with a typical value of B ⇠ 1 µG. At this field
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strength, the magnetic pressure PB = B 2 /8⇡, is negligible compared to the thermal
gas pressure. However, this magnetic field does e↵ect the microscopic motion of
electrons and ions. In the presence of the magnetic field, the electrons and ions
gyrate about the field lines. The gyroradii for an electron is

⇣ T ⌘1/2 ⇣ B ⌘
rg ⇡ 3 ⇥ 10
108 K
1µG
8

1

cm.

(1.7)

These small gyroradii further ensure that the ICM acts as a fluid.

1.5.5

Density Measurements from X-ray Observations
The gas distribution in the clusters can be derived from the the X-ray sur-

face brightness. Assuming a spherical geometry, the X-ray surface brightness at a
frequency ⌫ and at a projected distance b from the center of cluster is

I⌫ (b) =

Z

1
b2

✏ (r)dr2
p⌫
.
r 2 b2

(1.8)

The Abel-integral can be inverted to give the emissivity as a function of radius r,

✏⌫ (b) =

1.5.6

1 d
2⇡r dr

Z

1
r2

I (b)db2
p⌫
.
b2 r 2

(1.9)

Shock properties from X-ray Observations
Merging clusters provide a unique laboratory to study ICM microphysics. The

spectral studies provide temperature and metal distributions while X-ray surface
brightness can be used to derive density, pressure and entropy distributions. Fol-
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lowing are a few gas properties that can be derived from X-ray observations.

1. The density jump: Density jump across the edge can be obtained by fitting surface
brightness distributions. It can also be estimated from the temperature jump derived
by spectral fitting. The temperature jump t ⌘ Tin /Tout is related to density jump d
⌘ ⇢in /⇢out by following equation.

d

1

where we denoted ⇠ ⌘ (

=



1 2
⇠ (t
4

+ 1)/(

1/2

1
⇠(t
2

1)2 + t
-1); here

1),

(1.10)

= 5/3 is the adiabatic index for

monoatomic gas (e.g., Markevitch and Vikhlinin 2007).

2. Rankine - Hugoniot jump conditions: The R-H conditions describes the relation
between the states on both sides of a shock wave. It assumes a 1D fluid flow and can
be derived using conservation of momentum, mass and energy relations. According to
R-H conditions, the Mach number in two cases: i) from the density jump (d), and ii)
from the observed temperature jump (t), can be estimated using following equations

M⇢ =



2d
+1 (

1/2

1)d

,

(1.11)

and

MT =



8t

7)2 + 15]1/2

7 + [(8t
5
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1/2

.

(1.12)

The thermal sound speed (cs ) in the preshock region and shock velocity (vshock ) can
then be estimated by,

cs =



kB Tin
mp µ

1/2

, vshock = M cs

(1.13)

where mp is proton mass, and µ is the mean molecular weight of the ICM plasma.

1.6

Goals and Structure of Dissertation
The goal of my project is to build a sample of galaxy clusters providing details

on merger shocks in galaxy clusters and to perform a comprehensive study to address
questions like: Do more luminous clusters have stronger shocks?, How does continuous
gas stripping a↵ect cool cores?, Why do some clusters exhibit stronger correlations
between X-ray shocks and radio relics? The sample includes 16 galaxy clusters which
are known to host robust shocks. Details on sample selection criteria are described
in section 2.1.
The structure of this dissertation is outlined below. In Chapter 2 the sample
clusters, selection criteria and data reduction techniques are discussed. Chapter 3
and 4 discuss our recent discoveries of merger shocks in RXJ0334.2-0111 (3C89) and
Abell 665 respectively. Sample clusters and their merger scenario are presented in
Chapter 5. Discussion on sample study is in Chapter 6. The summary of findings
and conclusions are in Chapter 7.
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CHAPTER 2

CLUSTER SAMPLE AND DATA REDUCTION METHODS

2.1

Cluster Sample
In order to accurately study merger shocks, a well defined selection criteria

were set. The data quality should be high enough to allow statistically robust measurements of density and temperature jumps on either side of the surface brightness
edge for characterization. The bulk of cluster emission must be observed on the Chandra chips which allow necessary angular resolution. Of course, the cluster must be
unrelaxed and also exhibit an edge in surface brightness, indicating the existence of
a density discontinuity.
The sample was selected from the publicly available data within Chandra
archive as of August 2016. The following conditions were imposed on build the sample:

1) a total Chandra ACIS-I and/or ACIS-S exposure time exceeding 60 ksec;
2) cluster redshift in the range 0.01 < z < 0.4;
3) at least one significant edge in the X-ray surface brightness.
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The density jumps produced by cold fronts are usually quite visible in the
Chandra images. On the other hand, shocks are faint and difficult to detect due to
observational challenges (see section 3.1 for more details). Thus, for each Chandra
data set meeting first three criteria, the 0.7 - 7 keV band image was visually inspected
for an edge like features and region of compressed isophotes. The unrelaxed state of
the cluster was scrutinized by excess in the azimuthally averaged X-ray surface brightness profile. It is noted that some clusters were selected based on the prior knowledge
of a shock front in their ICM. The density discontinuity was quantified by modeling
the surface brightness across the edge with a broken power-law density model (see
Korngut et al. (2011) for detail description). The shock properties were measured
independently by density and temperature jump conditions. For most systems, the
measurements from both studies are consistent. In cases where they don’t agree, the
measurement from density jump was used for this study.
Our sample includes a total of 16 galaxy clusters which are known to host
bow shocks. The sample can be classified into two category: one with di↵use radio
emission and the other without. The exact number of clusters in each categories are
governed by following facts: i) the majority of merging clusters with shocks exhibit
some kind of di↵use radio emission, ii) availability of radio and X-ray data.
In this dissertation, I form a Sample of Chandra ClustErs with Robust Shocks
(SoCCERS) to study shock features in merging galaxy clusters. SoCCERS consists
of 16 galaxy clusters selected from Chandra archive that followed selection criteria
mentioned above. The full sample of clusters is identified in Table 2.1.
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• Current data show that 3 clusters from SoCCERS don’t exhibit di↵use radio
emission (DRE). They are RXJ0334.2-0111, RXJ0751.3+5012 and Abell 2146.
• We report our detailed work on two clusters (Abell 665 and RXJ0334.2-011
(3C89)) in this dissertation along with the conclusion derived from the sample
study.
• The Mach number, luminosity, system temperatures, and cooling time measurements were taken from various references which are cited in the text.
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09:09:08.4.1

00:14:18.9
16:40:21.4

18:19:35.2
22:26:02.6

Abell 2744

Abell 2219

Abell 2034

Abell 2443

04:54:19.0

Abell 520

Abell 754

06:58:31.1

Bullet Cluster

04:54:09.1

08:30:45.2

Abell 665

Abell 521

R.A.

Cluster

+17:22:41

+68:55:26

+46:42:21

-30:23:22

-09:39:58

-10:14:19

+02:56:49

+55:56:49

+65:52:55

Decl.

0.108

0.113

0.225

0.308

0.054

0.247

0.202

0.296

0.182

z

554, 3184, 4984
4985, 4986, 5355
5356, 5357, 5358
5361
7703, 528, 4215
9424, 9425, 9426
9430
901, 430, 12880
13190
6793, 6794, 6795
6796, 6797, 6798
6799, 6800, 10743
577
7712, 2212, 7915
8477, 8557
7892, 896, 13988
14355, 14356, 14431
14451
7695, 2204, 12885
13912, 12886, 13193
12257, 15169

3586, 12286, 13201

ObsID

113

255

194

125

218

166

71

576

103

Exposure

Table 2.1: Sample of Galaxy Clusters

Clarke et al. 2011

Owers et al. 2014

Canning et al. 2015

Owers et al. 2011

Macario et al. 2011

Bourdin et al. 2013

Markevitch et al. 2005

Markevitch et al. 2001

This Work

Reference
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03:34:15.6
07:51:22.5
15:56:08.9

RXJ0751.3+5012

Abell 2146

00:55:59.8

Abell 115

RXJ0334.2-0111

06:03:16.80

Toothbrush
Cluster

21:55:52.3

20:12:30.5

Abell 3667

3C438

R.A.

Cluster

+66:21:21

+50:12:45

-01:10:56

+38:00:30

+26:22:41

+42:13:48

-56:49:55

Decl.

0.234

0.022

0.138

0.290

0.197

0.225

0.055

z

10464, 10888, 13020
13021, 13023, 12247
12245, 13120, 12246
13138

15170

3233, 13458, 13459
15578, 15581
3967, 12879, 13218
15578, 15581
14028, 14379

7686, 513, 889
5751, 5752, 5753
6292, 6295, 6296
17203
15171, 15172, 15323

ObsID

400

80

66

166

361

237

629

Exposure

Russell et al. 2011

Russell et al. 2014

This Work

Emery et al. 2016

Botteon et al. 2016

Weeren et al. 2016

Sarazin et al. 2013

Reference

2.2

Chandra X-ray Data Reduction
X-ray data for sample clusters were obtained from Chandra data archive. All

of the X-ray data reduction was done using software versions of Chandra Interactive
Analysis of Observations (CIAO) 4.6, 4.7 & 4.8 and Chandra Calibration Database
(CALDB) 4.6.1 & 4.7.0. The data reduction includes corrections for afterglows, charge
transfer inefficiencies, bad pixels, and solar flares. Cosmic rays produce excess charge
which builds up on CCD causing afterglows. Bad pixel file is created by identifying
known bad pixels and columns from the calibration database. It also searches for
afterglows and hot pixels and marks them. The charge transfer inefficiency (CTI) is a
type of damage to the ACIS (Advanced Camera for Imagining and Spectroscopy) chips
caused by protons. For observations taken in VFAINT mode, the CHECK VF PHA
option was checked to remove bad events likely associated with cosmic rays. This
correction was applied to both the cluster and background files. The variations in
solar activities can cause the periods of high background which need to be filtered out.
These flares can be identified and removed by analyzing the light curve of a source
free region (e.g., Markevitch et al., 2003). Point sources are removed for the analysis
of extended sources. A good time interval for an observation is then determined by
analyzing the light curve of the region selected for local background over entire energy
range (0.3 - 12.0 keV). An example of a light curve can be seen in Figure 2.1. This
light curve was filtered by removing all those events that fall outside ±2.5 from the
mean count rate of 0.27 sec 1 . The dotted line in the figure shows the mean count
rate and red boxes show the regions that are excluded. The exposure time of this
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Figure 2.1: Top: An example lightcurve for observation 3586 of Abell 665 showing
excluded time intervals due to solar flares (red boxes). Lightcurves are created over
the whole energy range, 0.3 - 12.0 keV, using the local background region, 650 125000
in this case. The mean count rate is 0.27 s 1 (dotted line) and the filtered exposure
time is 22.2 ks. Bottom: Histogram of count rate.

observation before filtering was 30 ksec, and after filtering, the time was reduced to
22 ksec.
Images were created in 0.7 - 2.0 keV energy band to obtain surface brightness
distribution. This energy band was chosen to optimize S/N ratio. The averaged radial
profiles were made to determine local background. The presence of a discontinuity was
confirmed was by a slope change in the surface brightness profile across the edge. To
34

fit a discontinuity, we assumed the emissivity as a power-law function of the elliptical
radius inside and outside the edge.
For one outer edge, if the edge is located at redge then the X-ray emissivity
was assumed to vary as

✏(r) =

8
>
>
>
<✏i (r/redge )

>
>
>
:✏o (r/redge )

2pi

,

r < redge
(2.1)

2po

, r > redge .

The total X-ray surface brightness is then given by

IX (r) = Iin (r) + Iout (r),

(2.2)

where

Iin (r) = Ii A

2pi +1

and

Iout (r) = Io A

8
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1.

For a region with two edges, we assume their locations to be r = 1 for the inner
edge and r = R for the outer edge. In this case the total X-ray surface brightness is
as follow:
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R.

Here, A ⌘ (r/redge ), Ix (a, b) ⌘ Bx (a, b)/B(a, b) is the normalized incomplete beta
function, Bx (a, b) ⌘

Rx
0

ta 1 (1

t)b 1 dt is the incomplete beta function, B(a, b) =

(a) (b)/ (a + b) is the beta function, and (a) is the gamma function. For more
details and the expression see Korngut et al. (2011) and Sarazin et al. (2016).
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CHAPTER 3

SHOCKING FEATURES IN RXJ0334.2-0111 (3C89)

During our systematic search of merger shocks in the Chandra archive, the RX
J0334.2-0111 cluster was selected for a sharp edge ahead of the moving cool core of
3C89. The observation for the original selection (ObsID: 12724) revealed comparable temperature di↵erence across this edge indicating the presence of a discontinuity
caused by the merger. To further investigate, we obtained longer Chandra observations in 2012. In this chapter, the results from our new 66 ksec Chandra data of the
merging galaxy cluster RX J0334.2-0111 are presented.

3.1

RX J0334.2-0111
RX J0334.2-0111 was initially detected by the ROSAT all-sky survey at the

redshift 0.1386. It was observed by Chandra due to the radio galaxy 3C89 in the
cluster, as part of the 3C galaxy snapshot program (Massaro et al., 2012, 2015). The
properties of the RX J0334.2-011 are listed in Table 3.1. The cluster hosts a luminous
FR-I radio galaxy, 3C89, which has a wide angle tail (WAT) like morphology. The
properties of the three most NIR luminous galaxies in NIR in the cluster are listed
in Table 2 and their locations are shown in Figure 3.1. Compared to 3C89 (BCG 2),
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Table 3.1: Properties of RXJ0334.2-0111
kT a
(keV)

R.A.
(J2000)

Decl.
(J2000)

Redshift
z

NH
(⇥ 1020 cm 2 )

log(LX,bol /erg sec 1 )b

4.9 ± 0.3

+03:34:15.6

-01:10:56

0.1386

7.6

45.03

a

The spectroscopic temperature in the radial range 0.15 - 0.75 r500 .
b
The bolometric luminosity within r500 .

2MASX J03341605-0111297 (BCG 1) is closer to the geometric center of the cluster
and the most luminous in the NIR. Although 3C89 is not the most NIR luminous
galaxy in the cluster, it is likely the dominant galaxy of the infalling subcluster. The
velocity di↵erence between two galaxies is only ⇠ 300 km sec

1

from SDSS. Spinrad

et al. (1985) estimated the velocity of 3C89 to be ⇠ 41551 km sec 1 , which reduces
the velocity di↵erence between two galaxies to ⇠ 70 km sec 1 . This implies that the
merger is taking place near the plane of sky. The 2MASX J033434406-0109527 (BCG
3) is located ⇠ 700 kpc east from 3C89. With luminosity comparable to that of a
typical brightest cluster galaxy (BCG), BCG 3 is likely to be the BCG of the third
subcluster.
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a

Decl.
(J2000)

+03:34:16.1 -01:11:29
+03:34:15.6 -01:10:56
+03:34:34.1 -01:09:52

R.A.
(J2000)

R.A.
(J2000)
+03:34:16.00
+03:34:16.00

ObsID

14028
14379

-01:11:17.40

-01:11:17.40

Dec.
(J2000)

28.97

38.21

Total Exposure
(ksec)

28.59

37.71

E↵ective Exposure
(ksec)

Table 3.3: Summary of the Chandra observations (PI: M. Sun)

12.82
13.35
13.20

Magc

if the velocity of the BCG 2

11.99
11.94
11.94

41620 ± 10
41913 ± 6
41650 ± 10

1

log(LbKs /LJ )

Velocitya
(km sec 1 )

SDSS velocity. The velocity di↵erence between BCG 1 and 2 is ⇠ 300 km sec 1 [⇠ 70 km sec
is adopted from Spinrad et al. (1985)].
b
2MASS Ks band luminosity.
c
WISE 3.4 µm magnitude

2MASX J03341605-0111297 (BCG 1)
3C89 (BCG 2)
2MASX J03343406-0109527 (BCG 3)

Galaxy

Table 3.2: Most luminous galaxies in the cluster

3.2

Chandra Data Reduction
RX J0334.2-0111 was observed by Chandra with the Advanced CCD Imag-

ing Spectrometer (ACIS) in the Very Faint (VFAINT) mode for a total exposure of
67 ksec. The details of the Chandra observations are summarized in Table 3.3. All
observations were taken with the ACIS-I. For data analysis, we used Chandra Interactive Analysis of Observations (CIAO) v4.6 and calibration database (CALDB)
v4.6.1.1 from the Chandra X-ray Center1 . For each observation, a new level = 2
reprocessed event file was made using CHANDRA REPRO script with VFAINT mode correction. This process accounts for afterglows, charge transfer inefficiency, bad pixels
and gain correction. CHECK VF PHA was set to “yes” to remove bad events that are
likely associated with cosmic rays which are more easily detected in VFAINT mode.
A light curve of the source-free region was then analyzed to identify any background
flares or other bad events. The DEFLARE script was used to filter good time intervals.
The observations were not a↵ected by background flares.
A point spread function map was extracted at 1.5 keV enclosing 40% of total
counts to detect point sources. Approximately 100 point sources were detected using
WAVDETECT and removed from the analysis. An exposure map was then made to
account for quantum efficiency (QE), vignetting and e↵ective area at 0.7 - 2.0 keV.
A weighted exposure map was created to account for the energy dependence of the
e↵ective area using the absorbed APEC model with NH = 7.6 ⇥ 1020 cm

2

and z

= 0.1386. We have also examined the X-ray absorption column density towards
1

Our results are not a↵ected by the update in the CALDB v4.6.8.
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Figure 3.1: The count image of the merging galaxy cluster RXJ0334.2-0111 in the 0.7
- 7 keV band, binned by 1” and smoothed with a Gaussian 3-pixel kernel. The image
shows two sharp edges (S1 & S2) in surface brightness with additional substructures
associated with the merger. The locations of the three most luminous cluster galaxies
in the near-infrared (NIR) are marked (see Table 2). We label substructures discussed
in this chapter.

41

the cluster. The HI observations by Kalberla et al. (2005) give a column density
of 7.0 ⇥ 1020 cm 2 . The relation between the total hydrogen column density, the
atomic hydrogen column density and dust extinction, derived by Willingale et al.
(2013), predicts NH = 9.75 ⇥ 1020 cm 2 . We fitted the spectrum extracted from a
circular region centered on the X-ray peak with a radius of 5 arcmin. The absorption
parameter was kept free to obtain the best-fit value of NH = 7.6 ⇥ 1020 cm 2 . We
report around 8 - 10% systematic error in the best fit parameters like temperature,
abundance and normalization that might have occurred by changing the NH value.
The standard stowed background file for each chip in each observation was
reprojected to match the time dependent aspect solution for the observation. The
stowed background files used for the analysis are: acis?D2009-09-21bgstow ctiN0001.fits,
{? = 0, 1, 2, 3, 6}. The stowed background was normalized to match the hard X-ray
background count rate in the 9.5 - 12.0 keV energy band. The correction needs to be
applied to the particle component of the total background that is dominant at high
energies and has a significant impact on gas temperature fitting. This correction was
around 10% for each data set.
Proper background modeling is important for spectral analysis especially in
regions of low surface brightness. The hard cosmic X-ray background (CXB) was
modeled by an absorbed powerlaw with a photon index of 1.5. The soft CXB component is described by two thermal components at solar abundance and zero redshift,
one absorbed component fixed at temperature 0.25 keV and another unabsorbed at
fixed temperature 0.1 keV (e.g., Snowden et al., 2008; Sun et al., 2009). To test
the background model, we compared the derived soft CXB flux with the RASS R45
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values around the cluster (see the detailed discussion in Sun et al., 2009). The R45
count rate in the 0.47 - 1.21 keV energy band around this cluster is (136.7 ± 7.3) ⇥
10
cm

6

counts sec

2

1

arcmin 2 , which predicts a soft CXB flux of ⇠ 5 ⇥ 10

deg 2 . We find an observed soft CXB flux of 5.0 ⇥ 10

12

ergs sec

1

12

ergs sec

cm

2

1

deg 2 ,

consistent with predicted value by RASS R45. The hard CXB flux in the region is
8.9 ⇥ 10

12

ergs sec

1

cm

2

deg 2 , which is also consistent with the depth of our

observations (see details in Sun et al., 2009). For spectral fitting we used XSPEC
version 12.8 (e.g., Arnaud, 1996). This work used AtomDB 2.0.2. Throughout the
analysis we assumed the solar abundance table by Anders & Grevesse (1989).

3.3
3.3.1

Spatial Analysis
Image Analysis
The Chandra observations of RXJ0334.2-0111 reveal a merger between at least

two subclusters. Figure 3.1 shows the 0.7 - 7.0 keV count image combining both observations. The cluster gas is extended east of the merger axis, south-west (SW) to
north-east (NE). The image shows the bright, cool core of the merging subcluster is
being stripped of its material by ram pressure in the merger. The X-ray morphology
suggests an ongoing merger, where the infalling subcluster has just passed near the
center of the main cluster from the SW. We notice a sharp drop in the surface brightness around the infalling subcluster cool core (S1 in Figure 3.2). The tail following
the S1 is visible over the distance of ⇠ 73 kpc. The main cluster may have had a cool
core in the past, which was disturbed by the current merger. The cool core remnant
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of the main cluster (C1 in Figure 3.2) can be seen as a peak in the surface brightness
SE of the inner edge. There is a second surface brightness edge (S2 in Figure 3.2)
⇠ 54 kpc ahead of the bright inner one. The outer edge is visible over ⇠ 590 kpc in
length enclosing the cores of the both merging components. Additional features are
also observed on both sides of the merger axis. There is a density enhancement ⇠
250 kpc east of the main cluster center, which we call “the Eastern Extension (EE)”.
There is also a “tail” like feature seen west of the cold front which likely extends to ⇠
1 Mpc from 3C89. Another interesting feature is a region with relatively low surface
brightness behind the shock front on the west side of S1, which is called “Decrement”
(Figure 3.2). More detail about this feature is discussed in section 7.1.
Figure 3.2 shows the smoothed Chandra image around the cluster center. The
inner and outer surface brightness edges and the main cluster core are marked by
S1, S2, and C1 respectively. The image reveals a stream of gas following the dense
core in the cold front. This can occur due to the stripping of outer layer gas by ram
pressure generated when the cool core is moving through the hotter surroundings.
Similar structures have been observed associated with dense cool cores in mergers
(e.g., Markevitch et al., 2000; Vikhlinin et al., 2001; Sun & Murray, 2002; Randall
et al., 2008; Markevitch & Vikhlinin, 2007; Million et al., 2010; Kraft et al., 2011).
Figure 3.3 shows the SDSS i-band image with X-ray contours overlaid and both BCGs
are marked with dashed circles. The two cluster cores are separated by a projected
distance of ⇠ 93 kpc. The galaxy in the north is the radio galaxy 3C89 (marked by
BCG 2). The Chandra data reveal a weak X-ray AGN in the 2 - 8 keV band (section
3.5). The overlaid X-ray contours indicate a bright tail behind 3C89. This leads to
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Figure 3.2: The combined exposure-corrected image of the Chandra observations
in the 0.7 - 2.0 keV energy band smoothed with a two dimensional Gaussian 5-pixel
kernel (1 pixel = 0.492”) . The arrows show locations of two surface brightness edges
S1 and S2, the cool core remnant of the main cluster C1, and the Decrement.

an interpretation that 3C89 is likely the dominant galaxy in the merging subcluster.
The second peak in the X-ray contours is consistent with the brighter elliptical galaxy
2MASX J03341605-0111297 (marked by BCG 1) which is the cD galaxy of the main
cluster. The velocity di↵erence of these two galaxies is only ⇠ 300 km sec 1 , which
suggests that their relative motion is near the plane of sky. Figure 3.4 zooms in on the
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Figure 3.3: SDSS i-band image of RXJ0334.2-0111 with X-ray contours overlaid
and two BCGs marked.

cold front and the ram pressure stripped tail. The radio image from V LA 1.5-GHz
archival data shows the AGN and the radio lobes of 3C89. The tail and the EE are
clearly visible in the unsharp-masked image (Figure 3.5).
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Figure 3.4: The exposure-corrected Chandra image showing a closer view of the cold
front with X-ray (blue) and 1.5 GHz V LA radio (red) contours overlaid. The defined
cluster center and the center of the surface brightness are marked by green “+” and
yellow “X”, respectively.

3.3.2

Radial Profiles
We determined the center of the cluster emission by finding the point where the

derivatives of the surface brightness variation along two orthogonal directions become
zero (Morandi et al., 2015). Since the derived center is only 5 kpc south of 3C89,
the cluster center was taken to coincide with the nucleus of 3C89. The azimuthally
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Figure 3.5: Unsharp masked image, created by subtracting from each pixel the mean
value within a radius of 30 pixel. The faint merger substructures such as EE, Tail and
the S2 are indicated with arrows. The color scale runs from black to red to yellow to
white, going from negative to positive deviations. The point sources and a circular
region including bright cluster body was excluded.
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Figure 3.6: The azimuthally averaged surface brightness profile of the cluster in the
0.7 - 2.0 keV energy band. The r500 for the cluster was estimated using the system
temperature of 4.9 keV, and is marked by a dashed line. The discontinuities in the
surface brightness slope imply sudden changes in the density. The inset panel shows
the profile for the range 500 - 2500 kpc on a linear scale. We fit the surface brightness
in this region to a powerlaw plus a constant. The best-fit powerlaw index is 4.5 ± 0.4.
The dashed line in red shows the best-fit model. The panel shows that the cluster
emission can be traced to 3 up to ⇠1 Mpc.

averaged projected radial profile of the cluster is shown in Figure 3.6. It shows that
the cluster emission can be traced out to ⇠ 1 Mpc at 3 . The profile shows several
discontinuities in the surface brightness slope. For example, the drop at ⇠ 20 kpc
shows the inner edge (S1) and the outer edge (S2) is seen at ⇠ 70 kpc. The hump
in the surface brightness profile from 250 - 700 kpc is due to the X-ray bright region
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Figure 3.7: Regions used to produce radial profiles.

present in the east (EE). The radial profile flattens beyond ⇠ 1.5 Mpc, which is the
region used to constrain the local background.
The 0.7 – 2 keV surface brightness profiles were also determined across the
edges described in section 3.3.1. The key regions used to investigate these features
in detail are identified in Figure 3.7. The regions were positioned where the surface
brightness edges formed a better contrast with the surroundings. The particle background was subtracted with the normalized stowed background, while the CXB was
removed in modeling. The radial bins were ⇠ 3.5 kpc in width for the bright regions

50

S X ( counts sec-1 arcsec-2 )

10-4

10-5

Region 1

Region 3

Region 2

10-6

100

101

102
Radius (kpc)

Figure 3.8: The 0.7 – 2.0 keV radial surface brightness profile for the NE region.
The three regions marked are: inside cold front (region 1), inside shock (region 2)
and pre-shock region (region 3). The two vertical dash-dotted lines show the location
of the cold front (left) and the shock front (right). The dashed line shows the surface
brightness profile from the best-fit density model.

and increased to ⇠ 21 kpc for the cluster outskirts to ensure a minimum of 20 source
counts per bin.
The surface brightness profile for the NE region is shown in the Figure 3.8.
There are three distinct regions: the infalling merging subcluster cool core bordered
by a cold front (Region 1), a shock heated region bordered by a bow shock (Region
2) and a pre-shock region (Region 3). The profile clearly shows the inner edge (S1)
at 10 kpc where the surface brightness drops by a factor of ⇠ 5 within ⇠ 7 kpc. The
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Figure 3.9: Top panel: The electron density profile (with 1 uncertainty) across
the NE region. Bottom panel: The electron pressure profile (with 1 uncertainty)
across the NE region.
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outer surface brightness edge identified in Figure 3.2 (S2) is detected by a drop of
factor ⇠ 2 at a radius of 60 kpc. The location of this edge ahead of subcluster core
suggests it should be a bow shock. In section 3.4, we extract the temperature profile
across these edges to determine the nature of these fronts.
The gas density distribution in region 1 & 2 were derived by fitting corresponding surface brightness profiles to a model, where the X-ray emissivity (✏) and
radius are related by a powerlaw, ✏ / r

p

within each region assuming an ellipsoidal

geometry as discussed in the Appendix A of Korngut et al. (2011). The model for
a region with two edges was fitted. The best-fit powerlaw index in region 1 & 2 are
0.53 and 0.68 respectively. Using the best-fit powerlaw index p, we reconstructed
the intrinsic emissivity distribution to obtain related density distribution, ne (r) =
[✏(r)/⇤(Te , Z)]1/2 , where ⇤(Te , Z) is the X-ray emissivity function which depends on
electron temperature Te and abundance Z. The surface brightness in region 3 was
fitted to a 1D -model, I(r) = I0 (1 + r2 /rc2 )

3 +0.5

. The

fit to the data; the best fit parameters in region 3 are
The best-fit

-model provides a good
= 0.23 and rc = 55 kpc.

is relatively low, which is due to the limited radial range. We used the

best-fit parameters to derived the electron density model ne (r) = ne0 (1 + r2 /rc2 )

3 /2

.

Figure 3.9 (the top panel) shows the best-fit density model in all three regions.
The best-fit density jump across the bow shock is ⇢2 /⇢1 = 2.2 ± 0.3, where we use
suffix 1 and 2 to denote quantities upstream and downstream of the shock. We
calculate the Mach number of the bow shock by applying Rankine-Hugoniot jump
conditions (Landau & Lifshitz, 1959). The Mach number of the bow shock and the
corresponding density jump are related by,
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M⇢ =
where



2 ⇢⇢21
+1

(

1/2

1) ⇢⇢21

,

(3.1)

= 5/3 is the adiabatic index for monoatomic gas. (e.g., Markevitch &

Vikhlinin, 2007). The Mach number for the bow shock is M⇢ = 1.9 ± 0.4. The
model used to fit surface brightness profile approximates the gas distribution at edges
to be spherical or elliptical, and this assumption may cause an additional systematic
uncertainty in the measurement.

3.4

Spectral Analysis
The key merger features identified in section 3.3.1 are the main subjects of

our spectral studies. The regions for spectral analysis are shown in Figure 3.10.
The following factors are considered to define regions: 1) Each region should have
at least 500 spectral counts; 2) the regions are shaped to follow surface brightness
edges, covering their visible angular extent. Region 1 contains the X-ray tail of
3C89. Region 2 contains the ICM of the main cluster. The outer edge is enclosed
by region 3. Regions 4 and 5 cover the region beyond the outer edge. We excluded
the EE and the main cluster core. The spectrum from each region was extracted
and grouped to give a minimum of 20 counts per channel (more for faint regions). A
corresponding background spectrum was extracted from the normalized stowed data.
Weighted response files were generated. The CXB model obtained by fitting the
local background (section 3.2) was scaled to the area of each region and subtracted.
XSPEC was used to fit an absorbed thermal model (APEC; Smith et al., 2001) to
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Table 3.4: Spectral Fits for Regions in Figure 3.10
Region

Spectrala
Counts

Temperature
(keV)

1
2
3
4
5
6
6a
7
Cold Front (CF)⇤

1201
1750
975
824
1737
1191
1853
333
107

3.8+0.2
0.2
6.0+0.4
0.4
6.2+0.6
0.6
4.1+1.2
0.7
4.2+1.5
0.8
6.3+1.0
0.9
3.4+0.6
0.4
5.0+4.5
1.8
1.3+0.3
0.8

Abundanceb
ZJ
0.8+0.2
0.2
0.3 +0.1
0.1
[0.3]
0.3+0.4
0.3
[0.3]
0.3+0.2
0.2
0.3+0.2
0.1
[0.3]
[0.8]

a

Spectral counts in the 0.7 - 7 keV energy band.
The abundance in region 3, 5 and 7 was fixed to 0.3 ZJ (as indicated by the square
brackets), which is close to the best-fit abundance obtained in region 4 and 2. We
notice a small change (< 3%) in best-fit temperature by changing Z to 0.2 - 0.4
ZJ . We also fixed abundance in the cold front to 0.8 ZJ . The best-fit temperature
changes by 0.02 keV for Z = 0.5 - 1.0 ZJ .
⇤
A circular region with a 12 kpc radius centered at the 3C89 nucleus. The CF region
is at the front of the region 1 and does not overlap with the region 3 (Figure 3.10).
b

spectra from both observations simultaneously. For the regions with fewer counts,
the abundances were fixed close to the best-fit value obtained in nearby brighter
regions. The temperature and normalization were left free. The best-fit parameters
were obtained by minimizing the C-statistics. C-statistic does not provide a goodnessof-fit measure but the XSPEC version of the C-statistic is defined to approach

2

in

the case of large number of counts. The best-fit temperatures and abundance are
reported with 1 confidence intervals in Table 3.4. The reduced
ranges from 0.9 – 1.2.
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2

for spectral fits

Figure 3.10: Regions used for spectral analysis. Regions 4 and 5 are selected to
avoid the EE. The ellipse around BCG 1 was excluded from the analysis. Region 6a
covers both sides of the region 6 (the dashed line).

The projected (black diamond) and deprojected (red star) temperature values
are plotted in Figure 3.11. We calculated the deprojected temperature values assuming spherical symmetry, which is a reasonable assumption for wedge shaped regions
across the shock front. The gas temperature beyond region 5, 3.1 keV, was derived
from the azimuthally averaged temperature profile of the cluster. We assumed that
the cluster have concentric spherical shells, each characterized by uniform temperature. Monte Carlo simulations were performed to populate the 3D shells. We then
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make an image where each pixel represents the number of events that fell within
the 3D shell. The normalizing values for deprojection were estimated by applying
respective masks to the simulated images. This method of geometrical deprojection
allowed us to account for point sources, chip gaps and wedge shaped regions. Our
estimated values for full annuli match with the volume - cylinder intersection fractions obtained using the “onion-peeling” method. For the deprojection analysis, we
combined regions 4 & 5. The best-fit temperatures and the density model derived
in the last section were multiplied to produce the electron pressure profile shown in
Figure 3.9 (the lower panel).
Region 1 contains the X-ray brightest gas indicating the presence of a dense
gas body with a sharp boundary. The spectrum of this region reveals the cold gas at
a temperature of 3.8 ± 0.2 keV and an abundance of ⇠ 0.8 ZJ , before deprojection.
This implies the presence of dense and metal-rich subcluster cool core. The head of
the region 1 was isolated for the analysis of the cold front, as discussed later. Across
the cold front, the drop in the surface brightness is accompanied by an increase in
temperature. The higher abundance of the region 1 than most of the other regions
implies gas of a di↵erent origin. Regions 2 and 3 contain the hottest gas of the cluster.
The abundance in region 3 is poorly constrained. We fixed the abundance to 0.3 ZJ
which is the best-fit abundance in regions 4 and 2. The best-fit temperature changes
by < 3% for Z = 0.2 ZJ - 0.4 ZJ . The temperature drops across the outer edge (S2)
from 6.2 ± 0.6 keV to 4.1+1.2
0.7 keV in region 4. The gas temperature in the upstream

side of the edge remains constant (⇠ 4 keV) for about 250 kpc from the edge. This
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Figure 3.11: The projected (black) and deprojected (red) temperatures in regions
CF, 3, 4 and 5, across the cold front and the shock front (see section 3.4 for the detail
of deprojection).

implies that the contact discontinuity ahead of the cold front is a bow shock produced
by the merger.
When a body moves faster than the local sound speed, a bow shock is formed
at some distance upstream. The surface brightness discontinuity at the bow shock
implies a density jump of ⇠ 2.2, which can also be estimated by the temperature jump
across the shock front, ⇠ 1.5 here. The Rankine-Hugoniot jump conditions, which
relate the gas density and the temperature jump were used to derive an equivalent
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density jump. According to which, the temperature jump, t ⌘ T2 / T1 is related to
density jump d ⌘ ⇢2 /⇢1 by following equation,

t=

⇠

d 1
,
⇠ d

(3.2)

or, conversely,

d

1

=



1 2
⇠ (t
4

where we denoted ⇠ ⌘ ( + 1)/(

1/2

1)2 + t
1) = 4; here

1
⇠(t
2

1),

(3.3)

= 5/3 is the adiabatic index for

monoatomic gas. (Markevitch & Vikhlinin (2007)) and use indices 1 and 2 to denote
quantity before and after shock.
+0.6
With T2 = 6.2 ± 0.6 keV and T1 = 4.1+1.2
0.7 keV, the density jump d = 1.7 0.4 .

The Mach number of the shock is, M = /cs , where v is the velocity of gas with
respect to the shock surface and cs is the speed of sound in the pre-shock gas. The
Mach number for the bow shock was found to be MT = 1.6+0.5
0.3 . Although the
uncertainty in temperature is large, the Mach number derived from the temperature
jump is consistent with the Mach number obtained from density jump. The sound
3
1
speed in the pre-shock gas is, cs = 1.0+0.2
0.1 ⇥ 10 km sec . Therefore, the shock
3
1
velocity is, v = 1.6+0.6
0.3 ⇥ 10 km sec .

The small separation of the nucleus and the cold front, combined with the likely
X-ray nuclear source, makes the spectral analysis inside the cold front challenging.
The cold front properties were derived from a circle of 12 kpc radius centered at 3C89’s
nucleus.The spectrum from this region was fitted with the model TBabs(APEC +
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zTBabs ⇥ powerlaw) at fixed redshift. The powerlaw index was fixed at 1.7 and the
abundance was fixed to the best-fit value obtained for region 1, 0.8 ZJ . The nH
parameter of the zTBabs component couldn’t be constrained due to low statistics.
The best-fit temperature of Tin = 1.3+0.3
0.8 keV was used as the cold front temperature.
Tin changes by < 2% for powerlaw index = 1.4 - 2.0 and Z = 0.5 - 1.5 ZJ . We
multiply the best-fit density model by the corresponding temperature to obtain the
pressure distribution (see Figure 3.9).
The gas parameters at the stagnation point cannot be measured directly due
to the small region size and the limited statistics. However, the pressure should
be continuous across the cold front, so the cold front pressure gives the stagnation
pressure. The ratio of the pressure in the free stream to the stagnation point is a
function of the cloud speed (Landau & Lifshitz, 1959) is given by

pin
= 1+
pout

pin
=
pout

+1
2

+1
1

1
2

M2

⇥

M2

1

,M  1

1⇤

2M 2

1
1

,M > 1

(3.4)

(3.5)

where M = v/cs is the Mach number in the free stream and cs is the sound speed in
free stream. The subsonic equation (3.4) is derived from Bernoulli’s equation while,
the supersonic equation (3.5) also includes the pressure jump at the bow shock.
The density just inside the cold front, calculated from the best-fit beta model,
ne,in = 1.3 ⇥ 10
1.6 ⇥ 10

2

2

cm

3

was multiplied by temperature to obtain the pressure pin =

keV cm 3 . We extrapolated density model outside the compression region
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Figure 3.12: Temperature distribution of the cluster (see Table 3.5 for detail). The
numerical values are kT in keV. The region to the opposite to C and D, has not been
included in the spectral analysis.

(region III) to estimate the density just outside the cold front and multiplied it with
outside temperature Tout = 4.1 keV to obtain free stream gas pressure of pout = 0.37
⇥ 10

2

keV cm 3 . The pressure ratio between just inside and outside the cold front

pin /pout ⇠ 4 corresponds to the Mach number ⇠ 1.5. This is consistent with the Mach
number of the shock front derived from the density and temperature jumps across
the bow shock.
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Table 3.5: Spectral Properties of Regions Shown in Figure 3.12.
Region

Spectrala
Counts

Temperature
(keV)

A
B
C
D
E
F
G
H
I
J
K

1022
1951
362
452
993
1678
2659
1678
1162
853
3279

3.8+0.2
0.2
5.4+0.4
0.3
5.0+0.7
0.6
7.3+1.6
1.0
4.8+0.7
0.5
4.2+2.6
1.3
5.2+0.6
0.6
4.2+2.3
1.5
6.0+2.0
1.5
4.0+1.5
0.9
1.9+0.6
0.3

Abundanceb
ZJ
0.8+0.2
0.2
0.3+0.1
0.1
[0.3]
[0.3]
0.5+0.3
0.2
0.3+0.3
0.2
0.5+0.2
0.2
[0.3]
[0.3]
[0.3]
[0.3]

a

Spectral counts in the 0.7 – 7 keV energy band.
The abundance in regions with limited statistics was fixed to 0.3 ZJ , as indicated
by the square brackets.
b

A projected temperature map was also generated in regions A to K (Figure 3.12). The bins were made to closely follow the X-ray surface brightness edges.
The abundance in regions with low counts was fixed at 0.3 ZJ . Table 5 shows the
spectral properties of each region. The shock region (region 3 in Figure 3.5) was
divided into two segments C & D. We note that the abundances in regions F and B,
surrounding the shocked region are consistent with ⇠ 0.3 ZJ . Thus, a fixed abundance of 0.3 ZJ in regions C and D was used.
3.5

The 3C89 AGN
3C89 is a classical wide angle tail radio galaxy. Its radio luminosity at 408

MHz, L408MHz , is of the order of 4⇥1026 W/Hz, among the highest for FR-I radio
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galaxies(Zirbel & Baum, 1995). Its 1.4 GHz luminosity, 1.6 ⇥ 1026 W Hz 1 , is comparable to that of many FR-II radio galaxies. However, only weak emission lines
are visible in its optical spectrum, that appears as that of a normal elliptical galaxy
(Buttiglione et al., 2010). This was also confirmed by follow-up spectroscopic observation that allowed us to determine the value of the log [O III]/H = 0.03, placing
3C89 in the area of the optical spectroscopic diagrams populated by normal 3CR
radio galaxies and well separated from the extremely low-excitation galaxies (Capetti
et al., 2013). Thus, we can conclude that 3C89 is more similar to a normal FR-I radio
galaxy than an FR-II.
The X-ray core is detected at 2.4 level in the 2 – 8 keV energy range. Assuming the typical photon index of 1.7, the 2 – 10 keV luminosity of the X-ray core is of
the order of 6 ⇥ 1041 erg sec 1 . The VLA archival data available trough the NRAO
VLA Archive Survey (NVAS2 ) database were examined. The 3C89 compact radio
core is clearly detected in both 1.5 GHz and 8.4 GHz radio images, but no signatures
of radio jet knots are visible close to the nuclear region. The curved extended structure (hereafter indicated as plumes or lobes) could be attributed to the impact of
the high density ICM that confines the radio emitting material arising from the radio
jets. Two bright knots are visible in the 1.5 GHz radio image (e.g., Figure 3.4) lying
at distances of ⇠ 50 kpc (SE direction) and at 40 kpc (W direction) from the core,
but the presence of extended radio emission trailing them to the south (i.e. plumes)
distinguishes them from typical FR-II hotspots.
2

http://archive.nrao.edu/nvas/
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Radio AGN can have a significant impact on the surroundings through jets.
Bending of radio jets can be used to constrain some properties of the jets, e.g., the
total kinetic power and the particle density (e.g., Jones & Owen, 1979). From timeindependent Euler’s equation, we have:

Pram R
=w
rj

2 2

;

(3.6)

where w = ⇢j vj2 + 4Pmin is the relativistic enthalpy, Pmin is minimum synchrotron
pressure, ⇢j is the particle density in the jet, vj is the velocity of the jet flow, Pram is
the ICM ram pressure, rj is the radius of the jet, R is the radius of curvature of the
bent jet and

= vj /c. For a non-relativistic jet, Pmin is small and we do not include

in our calculations. Thus, the total kinetic power of the jet Lk ⇡ (⇡/2)rj2 ⇢j vj3 . The
ram pressure can be estimated by, Pram = ⇢v 2 , where ⇢ and v are the ICM gas density
and velocity respectively. Using above relations, and adopting ne,ICM = 1.5 ⇥ 10
cm 3 , v = 1.6 ⇥ 103 km sec

1

3

, rj = 3 kpc, R = 50 kpc (obtained from radio image)

and vj = 0.3 c , we find Pram = 7.3 ⇥ 10

11

dyne cm

2

and the total kinetic power

Lk = 1.5 ⇥ 1045 erg sec 1 . Often, the jet velocity is measured at the flaring point
which is close to the nucleus. The average beaming speed for WATs was estimated
to be (0.3 ± 0.1) c by Hardcastle & Sakelliou (2004) under the assumption that the
jets are intrinsically symmetrical and that the jet sidedness ratio is due to relativistic
beaming e↵ects. However, there is no direct evidence of relativistic speeds in such
jets. Additionally, WAT jets disrupt at larger distance (e.g., O’Donoghue et al., 1990)
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which may reduce the jet speed. For a jet speed between 0.01 c - 0.3 c, we estimate
the total kinetic power of the jet Lk = (0.05 - 1.5) ⇥ 1045 erg sec 1 . Bı̂rzan et al.
(2008) established an empirical relation between cavity power and the total radio
power from a sample of 24 radio galaxies, although the scatter is quite substantial.
For 3C89’s radio luminosity, the cavity power would be ⇠ 6.0 ⇥ 1044 erg sec

1

from

the relations by Bı̂rzan et al. (2008), consistent with the estimate from jet bending.

3.6
3.6.1

Additional merger features
The Eastern Extension (EE)
The EE is located ⇠ 250 kpc east of the cluster center. This looks like a

localized feature. A projected azimuthally averaged radial profile of the cluster (Figure 3.6) shows a rise in surface brightness at the region between 250 to 700 kpc from
the cluster center. This implies the presence of dense gas in the region. We compare surface brightness distribution from the E region shown in Figure 3.7 with and
without the EE. The projected surface brightness profile of the region is shown in
Figure 3.13. The data points in black (stars) and red (diamonds) show the surface
brightness distribution with and without the EE respectively. The figure shows the
brightness drops by a factor of 2 when this X-ray bright region is excluded. The
profiles are consistent with each other beyond ⇠ 1000 kpc, so the EE has an extent
of ⇠ 450 kpc. The density enhancement of the EE was estimated by deprojecting
surface brightness profiles assuming a spherical geometry. We estimate the drop in
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Figure 3.13: The surface brightness profile from the region E shown in Figure 3.7.
The data points in black (stars) and red (diamonds) show the surface brightness
distribution of the same radial range with and without the EE.

the density by a factor of ⇠ 1.5 from an average density of 4.5 ⇥ 10

4

cm

3

when

EE was excluded.
The spectral analysis (Table 3.4) shows that the EE (region 6) is hotter than
its surroundings (region 6a). Since the EE is also denser than its surroundings, it is
overpressurized. Its rest-frame 0.5 – 2 keV luminosity is 7.7 ⇥ 1042 ergs sec 1 . The
EE hosts BCG 3 (Figure 3.1). This suggests that the EE is associated with another
infalling subcluster. This third merging subcluster could explain the overpressurized
gas in the region. However, we did not detect any upstream shock in current data.
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Deeper observations with a wider field of view would help to resolve the nature of the
EE.

3.6.2

The Tail
The Chandra image (Figure 3.1 and Figure 3.5) shows a faint “tail” southwest

of the cluster center, behind 3C89’s tail. The count image with a 2D elliptical beta
model subtracted (Figure 3.5) shows an excess in the position of the faint tail. As a
faint feature, it is difficult to determine its full extent using the current data. The
tail is clearly visible over a distance of ⇠ 500 kpc from 3C89 and is ⇠ 30 kpc wide.
However, the unsharp masked image suggests that it may extend up to a distance
of ⇠ 1 Mpc from 3C89. We also plot the surface brightness distribution across this
feature (Figure 3.14). Its spectral properties (region 7 in Figure 3.10) were also
studied. The regions on either side of the tail was used for local background. The
J
best-fit temperature was found to be 5.0+4.5
1.8 keV, for a fixed abundance of 0.3 Z .

The gas surrounding the tail has a temperature of 4.0+1.5
0.9 keV. The deprojection of
the surface brightness suggests a density rise in the tail by a factor of ⇠ 2 compared
to the average surrounding gas density of 5.1 ⇥ 10

4

cm 3 . Here, the line of sight

extent of the tail was taken to be equal to its narrow width on the plane of the sky.
Thus, the tail is likely to be an overpressurized feature. Its rest-frame 0.5 - 2.0 keV
luminosity is (8.1 ± 2.0) ⇥ 1041 ergs sec 1 .
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Figure 3.14: The surface brightness profile from the SW region (Figure 3.7) along
the long axis of the rectangle. The short axis was taken to be roughly parallel to the
tail feature. The profile show a rise in surface brightness at the tail by ⇠ 4 above
the surroundings. The deprojection of the surface brightness suggests the density rise
by a factor of ⇠ 2 relative to the surroundings. The tails appears to be ⇠ 30 kpc
wide and visible over a distance of ⇠ 500 kpc from 3C89.

3.7

Interaction of X-ray and Radio Plasma
The cooling time for the ICM gas at the center of many galaxy clusters is

less than 1010 years (e.g., Edge et al., 1992; Peres et al., 1998). Thus, the cool gas
should trigger an inward flow of material known as “cooling flow” (Fabian et al.,
1994). In contrast, observations found much less cold gas than expected (e.g., Edge,
2001; McNamara & Nulsen, 2007; Fabian, 2012), suggesting a source of heat at the
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Decrement

150 kpc
60"
Figure 3.15: Chandra image of the cluster center overlaid with the 1.5 GHz V LA
contours from two configurations, C in blue (a beam size of 14.800 and a 0.124 mJy
rms) and A in green (a beam size of 1.3700 and a 1.04 mJy rms). The radio lobe to the
southeast is cutting through the X-ray decrement between 3C89 and BCG1, while
the radio lobe to the west is bent upwards near the Decrement. We speculate that
the interaction between X-ray and radio plasma is responsible for these features.

center of galaxy clusters. The widely accepted candidate is the energy injected by
radio AGN. The Chandra data confirmed the idea by showing X-ray plasma being
displaced by radio sources located at the center of the cluster (e.g., McNamara et al.,
2000; Fabian et al., 2000; McNamara & Nulsen, 2007; Fabian, 2012). Therefore, X-ray
observations are critical for measuring the non-radiative output from the AGN jets.
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Figure 3.15 shows the Chandra image of the cluster with 1.5 GHz V LA radio
contours overlaid. Interestingly, the radio contours to the west are bent upwards near
the Decrement. The Decrement is detected at 4.5

level in 0.7 – 2.0 keV energy

range in the west. In the east, the radio jet is cutting through the main cluster core.
However, the putative cavity is probably projected with the core of the main cluster,
so the projected significance of the cavity is reduced. This suggests that the radio
jets are working against the surrounding X-ray plasma to form a cavity. The total
energy required to form a cavity is equal to its enthalpy, given by

Ecav =

1

pV

(3.7)

where p is the pressure of the ICM gas surrounding the cavity, V is the cavity volume,
and

is the adiabatic index for the gas inside the cavity. For a relativistic gas,

= 4/3, and the total energy Ecav = 4pV (e.g., Ra↵erty et al., 2006; McNamara &
Nulsen, 2007). We assume the shape of the cavity is a cylinder of radius 30 kpc and
length 100 kpc and determine, Ecav = 1.26 ⇥ 1059 ergs. We assume that the bubble
moves outwards from the AGN at the local sound speed and estimate the cavity’s
age, 9.7 ⇥ 107 years. The mean power required to create the cavity is, Pcav = 4.1
⇥ 1043 ergs sec 1 . A similar amount of power is expected at the other side of the
radio AGN. The total cavity power estimated from the possible X-ray cavity is close
to the jet power estimated from jet bending in section 5, especially if the jet speed
is nonrelativistic. On the other hand, the possible X-ray cavity is small and may not
contain the radio lobes, which will make our estimate of cavity power too low.
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3.8

Merger Scenario
The simplest interpretation of the data is that RXJ0334.2-0111 is experiencing

a two-body merger near the plane of sky. The system exhibits a complicated merger
morphology with substructure seen on the both sides of the merger axis. The X-ray
morphology is elongated in the SW-NE direction with two density discontinuities.
The inner discontinuity is a cold front surrounded by the hot gas of the main cluster.
Since the infalling cool core is moving faster than the local sound speed, a bow shock
is seen ⇠ 50 kpc upstream.
The cold front in this cluster has a distinctly narrow shape with the radius
of curvature of ⇠ 10 kpc. The radius of curvature of the shock front is ⇠ 20 times
greater than that of the cold front, the highest ratio known among merging clusters.
In case of the bullet cluster, this ratio is ⇠ 4 while in Abell 2744 it is about 8. Such a
small cold front has been observed in other mergers such as the southern subcluster
in Abell 85 (e.g., Ichinohe et al., 2015) and the NGC 4839 subcluster in Coma (e.g.,
Neumann et al., 2003), but no shocks have been reported there. Compared with the
these two cases with similar X-ray morphology, the merger of the 3C89 subcluster
is in a later stage. It is possible that at the end of mergers in these systems, only
the high density core of the original cool core will survive, with properties similar to
embedded coronae found in many clusters (e.g., Sun et al., 2007).
Perhaps the most exciting feature of the merger is the shock (M ⇠ 1.6 from
the temperature jump vs. ⇠ 1.9 from the density jump). This implies a shock velocity
of ⇠ 1.6 ⇥ 103 km sec 1 . The sharpness of this edge indicates that the shock motion
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Figure 3.16: A cartoon showing the merging features in RXJ0334.2-0111. The image
is not to scale.

is almost perpendicular to the line of sight. Assuming that the infalling cluster is
moving close to the shock velocity (although it can be lower, e.g., Springel & Farrar,
2007; Milosavljević et al., 2007), we estimate the core passage occurred just 50 Myr
ago. This is 5 – 6 times shorter than the time scales estimated for the Bullet cluster
and Abell 2146 (Markevitch et al., 2002; Russell et al., 2012).
The cluster contains three luminous galaxies whose 2MASS KS band luminosities are comparable to that of a typical BCG. The location of two galaxies (BCG
1 & 2 in Figure 3.1) are consistent with a merger scenario between two subclusters,
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where BCG 2 is the BCG of the infalling subcluster and BCG 1 is considered the cD
galaxy of the main cluster. However, this merger scenario does not readily explain
the EE, where BCG 3 is located. During the merger, gas stripped from the outskirts
of the infalling subcluster may be left along an arcing trajectory, to form the tail-like
feature. A cartoon shows the merger features in RXJ0334.2-01111 in Figure 3.16
A bow shock is formed when the infalling gas body moves faster than the local
speed of sound. In some cases, a shock is also observed in the reverse direction e.g.,
Abell 2146 (Russell et al., 2012) and Abell 2219 (Canning et al., 2015). The shocks
in Abell 2146 have Mach number ⇠ 2.3 (downstream) and ⇠ 1.6 (upstream). In
Abell 2219, merger has formed multiple edges which are consistent with the Mach
number ranging from 1.1-1.2. The bow shock in RXJ0334.2-0111 is quite comparable
to shocks found in other merging galaxy clusters. However, we do not observe any
shock front in the reverse direction.
Many merging clusters hosting a robust bow shock exhibit di↵use radio emission e.g., Abell 520, Abell 754, Abell 2744 and the Bullet cluster (e.g., Markevitch
& Vikhlinin, 2007). The connection between merger substructures and di↵use radio emission has long been discussed (e.g., Markevitch & Vikhlinin, 2007; Bonafede
et al., 2012). Interestingly, the di↵use radio sources are only found in clusters that
show complex signs of mergers. For example, Abell 754 hosts a bow shock of similar strength (M ⇠ 1.6) as RXJ0334.2-0111 and also exhibits di↵use radio emission
in the outskirts (Macario et al., 2011). This shock front coincides with the edge of
non-thermal radio emission at 325 MHz (Macario et al., 2011). Abell 2146 hosts both
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upstream and downstream shocks and surprisingly shows no evidence of extended
radio emission (Russell et al., 2011).

3.9

Summary
The new 66 ksec Chandra observation of RXJ0334.2-0111 revealed a merger

between at least two subclusters. The image (Figure 3.1) shows complex merging
features. The primary result of this paper focuses on two surface brightness edges
found in the X-ray observations. In addition to these edges, we found additional
merger features such as the EE and a “tail” like feature. The following are the key
conclusions of this paper.
1) The bright inner surface brightness edge is a cold front. It is formed when
the cool, dense core of the infalling subcluster passes through the hot ambient medium.
A tail of ram pressure stripped gas can be seen following the cold front over a distance
of ⇠ 70 kpc. The observed stagnation pressure ratio is consistent with an infalling
velocity of ⇠ 1.5 ⇥ 103 km sec 1 . The cool core remnant of the main cluster can be
seen SE of the cold front.
2) An additional surface brightness edge ⇠ 50 kpc ahead of the cold front has
been observed. This is a bow shock with a Mach number of 1.6+0.5
0.3 and is visible over
3
⇠ 500 kpc in length. The shock velocity of 1.6+0.6
0.3 ⇥ 10 km sec

1

is consistent with

the infalling cloud velocity. From the projected distance between two clusters of ⇠
90 kpc, we find the closest approach occurred ⇠ 50 Myr ago.
3) The EE is an X-ray bright region located ⇠ 250 kpc east of the cluster center.
The region contains overpressurized gas at relatively high temperature ( ⇠ 5.5 keV)
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and higher density than the surroundings. A massive galaxy (BCG 3 in Figure 3.1) is
likely the dominant galaxy of a third infall subcluster that is responsible for the EE.
4) A long, faint “tail” is observed to the west of 3C89, but the connection
with 3C89’s bright X-ray tail is not clear. It is clearly visible over a distance of ⇠ 500
kpc and may extend up to ⇠ 1 Mpc. The spectral analysis of this region suggests it
is also an overpressurized region. This feature is faint in the current data so deeper
observations are required to better understand it.
5) The radio lobes of the strong WAT source 3C89 are likely interacting with
the X-ray gas, revealed by the X-ray decrement in the positions of radio lobes. We
estimate the mechanical power required to create the Decrement-like cavity to be ⇠
1044 ergs sec 1 , close to the the total jet power estimated from jet bending.
The shock front in RXJ0334.2-0111 is only ⇠ 50 kpc from the center of the
cluster. Therefore, it has yet to propagate through the outskirts of the system. The
bow shock is located ahead of the WAT radio galaxy, 3C89, the only WAT in a
known merging galaxy clusters. Since the core passage occurred only ⇠ 50 Myr ago,
RXJ0334.2-0111 provides an excellent opportunity to study the e↵ects of mergers on
the cool core survival, jet bending etc. The substructures such as the Tail and the
EE are unique to this system. Deeper X-ray observations and low frequency radio
observations will help understand the significant questions raised by the current data.
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CHAPTER 4

A STRONG MERGER SHOCK IN ABELL 665

4.1

Introduction
Large-scale structures such as galaxy clusters are natural outcomes of the hi-

erarchical mergers of smaller subunits. Such mergers are among the most energetic
events in the universe (e.g., Markevitch et al., 1999). A large fraction of this energy
is dissipated into the intracluster medium (ICM) through heating the ICM gas via
shocks (e.g., Markevitch & Vikhlinin, 2007; Sarazin, 2008). Observationally, shocks
can be seen as surface brightness edges in X-ray observations. These edges provide
measurements of gas bulk velocities and can be used to study the micro transport
processes in the ICM like thermal conduction and electron-ion equilibration (e.g, Takizawa, 1999; Markevitch & Vikhlinin, 2007). Shock detection is challenging, requiring
favorable merger geometry. They are therefore rare and only a handful of shocks have
been detected so far. Typically shocks in merging galaxy clusters have relatively low
Mach numbers (M  3) and only two clusters have, M

2.5 i.e., A521 (Bourdin

et al., 2013) and the Bullet cluster (Markevitch et al., 2002).
As the richest cluster classified by Abell (1958), Abell 665 has been studied
extensively at many wavelengths. The sub-clustering in the spatial distribution of the
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galaxies presented by Geller & Beers (1982) provided evidence for unrelaxed state of
the cluster. This is further verified through BVR photometry of 178 galaxies by
Kalloglyan et al. (1989). The cluster’s luminosity function was studied by Garilli
et al. (1996); Wilson et al. (1997) and Trentham (1998) to demonstrate models for
galaxy evolution. Geller & Beers (1982) in their optical study noticed an elongation
in the galaxy distribution. On the other hand, Gómez et al. (2000, hereafter GHB00)
studied the dynamics of the cluster and only found weak evidence for substructures in
radial velocities of galaxies. From a sample of 51 cluster galaxies, GBH00 measured
1
the one-dimensional velocity dispersion of 1390+120
110 km s .

Abell 665 is a luminous X-ray source as its optical richness and high velocity
dispersion would suggest. The earlier observations by the Einstein Observatory and
the Ginga satellite Birkinshaw et al. (1991); Hughes & Tanaka (1992) found first
evidence of an o↵set of the X-ray emitting gas from the circular symmetry. The
detailed analysis of ROSAT PSPC data by Hughes & Birkinshaw (1994) concluded
that the observed X-ray emission profile required that a major merger was occurring
or had occurred recently.
The cluster also hosts a giant radio halo first observed by Mo↵et & Birkinshaw
(1989) and and successively confirmed by Jones & Saunders (1996). The radio halo
is asymmetric and is elongated in the southeast-northwest direction Giovannini &
Feretti (2000). The total flux of the radio halo at 1.4 GHz is 43.1 ± 0.8 mJy, while at
1.4
0.3 GHz the flux density is 197 ± 6 mJy. The halo has average spectral index of ↵0.3

= 1.04 ± 0.02 (Feretti et al. 2004). Like all clusters containing radio halo, Abell 665
exhibits a disturbed dynamical state. Vacca et al. (2010) examined the radio halo
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emission in detail with deep VLA observations and constrained the magnetic field distribution in the cluster. Previous X-ray observations revealed complex substructures
including possible detection of a shock in front of a core which appeared to correlate
with the radio emission (e.g., Markevitch & Vikhlinin, 2001; Govoni et al., 2004).
To further investigate, we obtained deep Chandra observations in 2012. In this
letter, we present the detection of a strong shock from new observations. Throughout
this chapter, H0 = 70 km s

1

Mpc 1 , ⌦M = 0.3, ⌦⇤ = 0.7. At z = 0.182 (GHB00),

100 = 3.05 kpc. All error bars reported in this chapter show 68% confidence interval
unless otherwise noted.

4.2

X-ray Data Analysis
Abell 665 was observed by Advanced CCD Imaging Spectrometer (ACIS) in

the Very Faint mode for a total exposure of ⇠ 125 ks. All observations were taken
with the ACIS-I. Chandra Interactive Analysis of Observations v4.7 and calibration
database v4.6.7 from Chandra X-ray Center were used for data reduction. We followed the standard Chandra data analysis described in Dasadia et al. (2016a). The
ObsID 12286 and 3586 su↵ered flares which were removed (see Figure 4.1). The clean
exposures are: 32.7 ks for ObsID 12286, 48.5 ks for ObsID 13201 and 22.2 ks for
ObsID 3586.
The NH value towards the cluster, 5.0 ⇥ 1020 cm 2 , was determined from the
spectrum of a large region of the cluster excluding the core. This is the same as
the value predicted from the empirical relation by Willingale et al. (2013), while the
HI column density towards the cluster is 4.2 ⇥ 1020 cm
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2

(Kalberla et al., 2005).

Figure 4.1: Lightcurves for ObsID 3586 (top) and 12286 (bottom) of Abell 665
showing bad time intervals due to solar flares (red boxes). These curves are created
over the whole energy range of 0.3 - 12.0 keV from the source free region. The filtered
exposure for ObsID 3586 and 12286 are 22.2ks, 32.7 ks respectively.
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Reducing NH to the HI value only causes 7 - 10% changes on best-fit parameters. We
followed the same background method by Sun et al. (2009). Spectra were fitted with
XSPEC version 12.8 (Arnaud, 1996). This work used AtomDB 2.0.2. Throughout
the analysis, we adopt the solar abundance table by Anders & Grevesse (1989).

4.3

Results
Figure 4.2 shows the exposure corrected image of the cluster produced by

combining all three observations in the 0.7 - 2.0 keV energy band. The image reveals
disturbed gas with multiple discontinuities caused by the merger. The X-ray morphology suggests a violent merger where the two subclusters have recently passed through
each other roughly along the north-south direction (e.g., Markevitch & Vikhlinin,
2001). In this chapter, we call the one merging from the north as the subcluster and
the other one as the primary cluster. The X-ray peak is elongated in the north-west
(NW) to south-east (SE) direction with a bright edge in the south (C2). This X-ray
brightest region, as the core of the infalling subcluster, is relatively cool. The ram
pressure generated by the motion of the subcluster is stripping materials from the
bright core. There is a tail of emission that can be seen to the north over a distance
of ⇠ 300 kpc. No surface brightness peak associated with the primary cluster core
is observed. It is likely the primary cluster’s core has already been disrupted by the
merger. We notice two additional edges (C1 & S1) in the north. The inner edge (C1)
marks a boundary between the remnant core of the primary cluster and the ICM of
the subcluster. There is a second, outer surface brightness edge (S1) ⇠ 600 kpc ahead
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Figure 4.2: Background-subtracted exposure-corrected Chandra image of Abell 665
in the 0.7 - 2.0 keV energy band, smoothed by a Gaussian with = 5”. Point sources
are removed. The arrows show the southern cold front (C2), the northern cold front
(C1), and the shock front (S1). Two di↵use sources are marked by Ear1 and Ear2.
Sectors N and S used to study surface brightness edges are also shown. The V LA 1.4
GHz contours (blue) from Vacca et al. (2010) are also overlaid (contour levels from
135 µJy beam 1 to 17 mJy beam 1 , spaced by a factor of two).
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of the inner edge. We confirm that this is a shock which separates shock heated gas
from the cluster outskirts. In this letter, we mainly focus on these two northern edges.

4.3.1

Spatial Analysis
Figure 4.3 shows the surface brightness profile in the northern sector N. The

profile changes its slope at two places, C1 (the cold front) and S1 (the shock front).
Regions I-III (the remnant core, the postshock region, and the preshock region) can
then be defined. The gas density distribution in regions I & II was derived by fitting
corresponding surface brightness profiles to a model, where the X-ray emissivity (✏)
and radius (r) are related by a powerlaw, ✏ / r

p

within each region assuming an

ellipsoidal geometry as discussed in Korngut et al. (2011). The model for a region
with two edges was fitted. The best-fit powerlaw index (p) in region I & II are 0.60
± 0.01 and 1.1 ± 0.1 respectively. Using the powerlaw index, we reconstructed the
intrinsic emissivity distribution to obtain the corresponding density distribution, ne (r)
= [✏(r)/⇤(Te , Z)]1/2 , where ⇤(Te , Z) is the X-ray emissivity function which depends
on electron temperature Te and abundance Z. The surface brightness in the preshock
region (Region III) was fitted to a powerlaw density model, ne (r) = ne0 r

↵

. The

model provides a good fit to the data and ↵ = 2.4 ± 0.3.
Figure 4.3 shows the best-fit density model in each region. The density jumps
across the shock by a factor of ⇢2 /⇢1 = 3.2 ± 0.3, where suffix 1 and 2 describe
quantity before and after the shock. We apply Rankine-Hugoniot jump conditions to
determine the Mach number M = 3.4 (> 2.7 at 90%) for a monoatomic gas ( = 5/3)
(e.g., Landau & Lifshitz, 1959). The models used to fit surface brightness profiles
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Figure 4.3: (A): The 0.7 - 2.0 keV surface brightness profile in sector N shown in
Figure 4.2. Three distinct regions are marked: inside cold front (Region I), postshock (Region II), and pre-shock (Region III). The two vertical dashed lines show
the location of the cold front (left) and the shock front (right). The red dashed
line shows the surface brightness profile from the best-fit density model. (B): The
projected (black) and deprojected (red) temperature values in regions (I, IIa, IIb, and
III) across northern edges C1 and S1. (C): The corresponding model density (red)
and pressure (black) profiles. Error bars on pressure show 1 confidence interval.
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Figure 4.4: (A): The 0.7 - 2.0 keV surface brightness profile in sector S. The location
of C2 is marked by a vertical dashed line. The profile show no discontinuity ahead of
C2. (B): Projected temperature profile across C2 that suggests C2 as a cold front.
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approximate the shape of edges to be elliptical. We have to make assumptions for
the curvature of the isodensity surfaces along the line of sight, which introduces a
systematic uncertainty. For example, if we assume that the shock surface has a
curvature along the line of sight similar to that in the plane of the sky (r ⇡ 2 Mpc
instead of the distance to the cluster center, 1.4 Mpc, that was used for the above
fit), while the preshock gas is still centered on the cluster center, the shock density
jump is reduced to factor 2.6, and the corresponding Mach number to 2.5.
Sector S ( Figure 4.4) was used to investigate the southern cold front (C2).
Figure 4.4 includes the 0.7 - 2.0 keV surface brightness profile across C2. The slope
change at ⇠ 170 kpc corresponds to a density jump by a factor of ⇠ 2.1. The profile
shows no additional discontinuity ahead of C2.

4.3.2

Spectral Analysis
Sector N was divided into four smaller regions (I, IIa, IIb, III) in the spectral

analysis. Point sources were excluded. The pre-shock region (region III) also includes
an extended source with unknown nature (Ear2 in §4.4.1), which was also excluded in
the spectral analysis. For each region, the spectra from individual observations were
fitted simultaneously in XSPEC to an absorbed single temperature thermal emission
model APEC (e.g., Smith et al., 2001), after accounting for the background (for more
details see Dasadia et al. 2016). The spectra were fitted in the 0.5 - 7.0 keV energy
band and the best-fit parameters were obtained by minimizing C-statistics defined
in XSPEC. C-statistic does not provide a goodness-of-fit measure but the XSPEC
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version of the C-statistic is defined to approach
counts. The reduced

2

2

in the case of large number of

for spectral fits ranges from 0.9 - 1.0.

The best-fit projected (black) and deprojected (red) temperatures are shown
in Figure 4.3. A deprojection correction was applied by estimating the projection
contribution of outer layers onto the inner ones. The layers were assumed to be
spherical in the shape, which is a reasonable assumption for wedge shaped regions
across fronts. The gas temperature beyond region III, 2.5 keV, was estimated from the
azimuthally averaged temperature profile of the cluster. For the deprojection analysis,
we combined regions II a & b. The best-fit density model was then multiplied by the
corresponding temperature to obtain the electron pressure distribution in Figure 4.3.
Region I contains gas at a temperature of 8.2+0.8
0.6 keV and abundance of 0.3
± 0.1 ZJ . Across the inner edge (C1), the surface brightness drop is accompanied
by an increase in the temperature. Region II contains the hottest gas in the cluster
with an average temperature of ⇠ 11 keV. The best-fit temperature in region IIb is
11.3+2.2
1.8 keV. The abundance in region IIb is poorly constrained. Thus, we fixed the
abundance to 0.2 ZJ . The best-fit temperature changes by less than 5% for Z =

0.1 ZJ - 0.4 ZJ . We combine regions II a & b to obtain postshock temperature of
Tshock = 11.0+1.4
0.8 keV. The preshock temperature from region III is Tpreshock = 3.2 ±
1.1 keV. Thus, the temperature jumps across the shock front by a factor of 3.8 ± 1.3,
which corresponds to a projected Mach number Mproj = 3.0 ± 0.6. The Mach number
after applying deprojection correction is Mdeproj = 3.2 ± 0.7. This is consistent with
the Mach number derived from the density jump. The preshock sound speed is cs =
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(9.1 ± 0.1) ⇥ 102 km sec 1 , giving a shock speed of vshock = Mproj cs = (2.7 ± 0.7) ⇥
103 km sec 1 .
The velocity of the cold disrupted cloud can also be estimated from the pressure
ratio between just inside the cold cloud and the free stream, assuming a uniform flow
of gas around a blunt body. While this is a good approximation for simple mergers,
it may not be true for complex mergers like in Abell 665. For example, the shock
is separated from the cold front by ⇠ 600 kpc, which is much larger than expected
for a steady-state situation. Also, in models of cluster mergers after the first core
passage, the subcluster core is slowed by gravity and drag and fall back into the
central region of the merged cluster, while the shock speeds up towards the cluster
outskirt by following a negative pressure gradient.
The ratio of the pressure in the free stream to the region inside the cold front,
where the velocity component along the merger axis is zero (also known as “the stagnation point”) was determined. We extrapolated density model in the compression
region (region III) to estimate the density just outside the cold front and multiplied
it with preshock temperature to obtain the free stream gas pressure of 1.9 ⇥ 10

3

keV cm 3 . The pressure ratio between just inside and outside the cold front 7.0 ±
2.2 corresponds to the Mach number 2.0+0.5
0.4 . This is close to the Mach number of the
shock front derived from the density and temperature jumps.

4.4

Discussion
The analysis of Abell 665 presented in this letter reveals a strong shock that

is consistent with the Mach number M ⇡ 3. Until now, only the Bullet cluster was
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known to have a shock of Mach number ⇠ 3 or greater. We discuss the implications
of this discovery in the following.

4.4.1

Merger Dynamics
The obvious interpretation of the data is that the cluster is experiencing a two-

body merger. A study on cluster dynamics of Abell 665 done by GHB00 concluded
that the velocity distribution is similar to a fairly relaxed and massive cluster and
detected “only marginal evidence for substructure and non-Gaussianity in the velocity
distribution”. This may imply that the merger is occurring nearly in the plane of sky.
The N -body simulation by GHB00 suggests that the observed velocity dispersion is
consistent with a merger between two similar sized subclusters caught in the middle.
The X-ray data reveal one core while the other core may have been disrupted by the
merger.
Elongation of the X-ray peak suggests that the merger axis is close to N - S.
The infalling subcluster core is moving south and is being stripped by ram pressure.
The surface brightness edge ahead the remnant core is a cold front (C2) formed by
the head-on merger. Previously, Owers et al. (2009, O09 hereafter) argued that the
southern edge (C2) in Abell 665 is more likely a shock. O09 fitted the spectrum for
the cold front using a region which extended beyond the cold front. In any case,
the errors on the spectral parameters in O09 allow for either a shock or a cold front.
From our new data, we find that the temperature increases by a factor of ⇠ 1.3 (from
7.3±0.4 keV to 9.3±0.7 keV) across C2 which confirms it is a cold front ( Figure 4.4).
The surface brightness distribution derived for sector S ( Figure 4.4) shows no slope
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change outside of C2. However, the relatively high temperature ahead of C2 may
imply a shock heated region there, although the current Chandra data do not allow
a good constraint on the temperature beyond sector S.
We derived the abundance map of the cluster, which is nearly flat at ⇠ 0.2 ZJ .
The core of the subcluster shows no abundance enhancement. This is in contrast to
merging clusters with strong cool cores. For example, in Abell 2146, the abundance
at the subcluster core (⇠ 0.9 ZJ ) is much higher than elsewhere at ⇠ 0.4 ZJ (Russell
et al., 2012). Similarly, in RXJ0334.2

0111 there is a clear abundance di↵erence

between two merger components (Dasadia et al., 2016a). On the other hand, Abell
665’s core is at most a weak cool core, with a central entropy of ⇠ 135 keV cm2
(Cavagnolo et al., 2009).
The more di↵use merger component can be seen in the north with an upstream
cold front (C1). C1 has a large radius of curvature, Rcf ⇠ 750 kpc. The edge appears
sharper in the east and can be traced over a distance of ⇠ 850 kpc. The distance
between the stagnation point and the closest point on the shock (S1), also known as
“stand-o↵” distance ds , is ⇠ 600 kpc. This is the largest among all merging clusters
e.g., in the case of the Bullet cluster, stand-o↵ distance is ⇠ 138 kpc (Markevitch
et al., 2002) while in A754 it is approximately ⇠ 160 kpc (Macario et al., 2011). The
shock is almost flat in shape with the radius of curvature of ⇠ 2 Mpc and is visible
over a distance of ⇠ 1.2 Mpc. This is similar to the shock length ⇠ 1.1 Mpc in
the merging cluster A520 (Markevitch et al., 2005). However, in A520 the stand-o↵
distance is only 50 kpc.
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Two substructures (Ear1 & Ear2) on the north of the cluster have been observed ( Figure 4.2). Ear1 is located ⇠ 1.5 Mpc from the cluster center and the faint
galaxies within it have no redshift information. If Ear1 is an isolated system, its redshift range can be estimated from the L

T relation (e.g., Sun, 2012). The allowed

z range is 0.5 - 0.9 with a system temperature of ⇠ 4 keV. Ear2 is located ⇠ 330 kpc
north of S1 and contains two galaxies at the cluster redshift. The allowed z range of
Ear2, from the L

T relation, is 0.1 - 0.3. Thus, Ear2 is likely another subcluster

associated with Abell 665. Ear2 was excluded in our analysis for the pre-shock region.

4.4.2

Di↵use Radio Emission
Abell 665 contains a giant radio halo (RH) which is about 1.8 Mpc in size

(Giovannini & Feretti, 2000). Recent VLA observations show that the RH is elongated
in the SE-NW direction. In the central region, the radio emission traces the X-ray
emission. While, in the south the radio emission extends well beyond the southern
cold front (C2). It appears that the radio emission is asymmetric with respect to the
cluster center, being brighter and more extended towards NW (e.g., Feretti et al.,
2004; Vacca et al., 2010). The spectral index map of the radio halo produced by
Feretti et al. (2004) shows that the radio spectrum near the X-ray shock is flatter
than that in the southern region, which may be consistent with the recent shock
acceleration observed. There is some radio emission close to S1. After removing the
contribution from several point sources using multi-resolution radio data, the flux
associated with the di↵use region near the X-ray shock is 1.9 ± 0.2 mJy, although the
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source subtraction is uncertain and the presence of this emission needs confirmation
with deeper observations.
X-ray shock fronts often exhibit a corresponding sharp feature in the radio
synchrotron emission (Markevitch, 2012). It is interesting to note that the relatively
strong (M ⇡ 3) shock front that we observe in Abell 665 does not exhibit a prominent
radio relic, as do some other shocks with similar or lower Mach numbers, such as Abell
521 (M ⇡ 2.5; Giacintucci et al., 2008; Bourdin et al., 2013), Abell 754 (M ⇡ 1.6;
Kassim et al., 2001; Macario et al., 2011), Abell 3667 (M ⇡ 2; Finoguenov et al.,
2010) and the eastern shock in the Bullet cluster (M ⇡ 2.5; Shimwell et al., 2015).
It also does not exhibit (at least with the present radio sensitivity) an abrupt edge
of the giant halo at the shock, as observed, e.g., at the western shock in the Bullet
cluster (M ⇡ 3; Markevitch et al., 2002; Shimwell et al., 2014), Abell 520 (M ⇡ 2.3;
Markevitch et al., 2005) and Coma (M ⇡ 2; Brown et al., 2010).
Abell 665 appears similar to Abell 2034 (M ⇡ 1.6; Owers et al., 2014) in that
they both exhibit only hints of di↵use radio emission in the post-shock region. Some
other shocks clearly visible in X-rays do not show any radio emission — e.g., the two
M ⇡ 1.6

2 fronts in Abell 2146 (Russell et al., 2012). Radio relics are believed

to be produced by di↵usive acceleration of ultrarelativistic electrons on shock fronts
(most likely starting with aged relativistic electron population rather than thermal
electrons, e.g., Macario et al., 2011; Brunetti & Jones, 2014). But the above examples
show that it occurs on some shocks but not others, apparently unrelated to the Mach
number. This may be explained by di↵erent density of seed electrons available for
re-acceleration at the shock locations — relics occur only when a shock front crosses
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a cloud with an excess of such electrons, as suggested in Shimwell et al. (2015). In
other locations, shocks either do not produce detectable radio emission, or produce
only a faint edge of a giant halo, within which the merger turbulence takes over and
provides re-acceleration needed to sustain the halo.

4.5

Summary
Deep Chandra observations of Abell 665 have revealed complex substructures,

including the detection of a new strong shock with a Mach number of 3.0 ± 0.6 and
at least two cold fronts. The shock propagates in front of the cooler gas, apparently
a remnant of a dense core which may have been disrupted by the merger. The shock
front can be traced to ⇠ 1.2 Mpc in length and has a velocity of 2.7 ± 0.7 ⇥ 103 km
sec 1 . The system exhibits a unique merger geometry, e.g., the distance between the
shock and the stagnation point of a cold front, ⇠ 600 kpc, is largest among all merger
shocks. This provides an excellent opportunity to study shock heating mechanism,
although this will require deeper X-ray data. We also rule out the prominent southern
edge as a shock, as suggested previously; it is in fact a cold front.
The cluster hosts a giant (⇠ 1.8 Mpc in size) radio halo which appears to
extend south of cold front (C2). There is a radio extension towards the northern shock.
However, given the contamination of discrete sources located near the shock location,
the spatial correlation between the X-ray shock and the di↵use radio emission must be
taken with caution. Mass distribution in Abell 665, constrained from lensing, would
be important to understand the dynamics in Abell 665. The early result by Dahle
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et al. (2002) suggested an o↵set of the X-ray peak from the galaxy distribution, which
needs to be better studied.
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CHAPTER 5

SAMPLE STUDY

This chapter includes a review on individual clusters published in literatures.
The X-ray images, cluster properties and merger features for each cluster are also
discussed. There is a clear dichotomy in the sample when observing in radio bands.
To highlight this, the sample is divided based on the detection of the di↵use radio
emission.

5.1
5.1.1

Clusters with DRE
Abell 665
Abell 665 (z = 0.181) is one of the richest clusters in Abell catalog. It is

a luminous X-ray source with high velocity dispersion. The cluster hosts a strong
merger shock (M ⇠ 3) and two cold fronts (CF-1 & CF-2). Abell 665 also exhibits
a giant radio halo which is extended near the X-ray shock. After removing the
contribution from nearby point sources, there is some di↵use emission that needs
confirmation with deeper observation. The Chandra X-ray image of the cluster with
1.4 GHz V LA radio contours overlaid is shown in Figure 5.1. For more detailed
discussion on this cluster see Dasadia et al. (2016b).
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Figure 5.1: Background-subtracted exposure-corrected Chandra image of Abell 665
in the 0.7 - 2.0 keV energy band, smoothed by a Gaussian with = 5”. Point sources
are removed. The arrows show the southern cold front, the northern cold front, and
the shock front. The V LA 1.4 GHz contours (blue) from Vacca et al. (2010) are also
overlaid (contour levels from 135 µJy beam 1 to 17 mJy beam 1 , spaced by a factor
of two).
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5.1.2

Bullet Cluster
1E 0657-56 ( Figure 5.2) (z = 0.296) also known as the “Bullet Cluster”

presented the first clear example of a merger shock in galaxy clusters. The Chandra
image of the cluster revealed a bow shock (Shock-1) in front of a bullet-like gas cloud
(CF). The bullet appears to be a remnant of dense core once located near the center
of a merging subcluster. The shock has a Mach number of, M = 3.0 ± 0.4 which
corresponds to a velocity of 3000 - 4000 km s

1

relative to the main cluster (e.g.,

Markevitch et al., 2002). From this, Markevitch et al. (2002) estimated that the
bullet has passed the center of the main cluster around 0.1 - 0.2 Gyr ago.
Recently, Shimwell et al. (2015) found the second bow shock (S2) on the eastern
periphery of the cluster near a radio relic opposite to the well-known western shock.
This new example of an X-ray shock coincident with the radio relics supports the
hypothesis that shocks in the outer regions of clusters can form relics via di↵usive
shock (re-)acceleration. The newly discovered shock has a Mach number of, M =
2.5+1.3
0.8 .
The unique simplicity of the shock front and merger geometry in the cluster
allow a number of interesting measurements. The collision in bullet cluster provides
a test of the non-gravitational forces acting on dark matter. For example, numerical
simulations on the cluster have been useful to study self-interacting dark matter (e.g.,
Robertson et al., 2016). A study done by Harvey et al. (2015) constrained dark matter
self-interaction cross-section

DM

< 1.25 cm2 /g (68% confidence limit) for long-range

forces.
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Figure 5.2: Exposure-corrected Chandra image of 1E 0657-56 (Bullet Cluster)
smoothed by a Gaussian with = 5”. The arrows show two shock fronts and a
cold front.
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5.1.3

Abell 520
Abell 520 (Figure 5.3) is merging cluster at z = 0.202. As seen from the

Chandra X-ray image the merger axis is located in the northeast - southwest direction.
A bright irregular body south - west of the cluster center consists of dense, cool pieces
of cluster core that have broken apart by ram pressure stripping while falling into the
system. A sharp bow shaped discontinuity ahead of this structure is a shock front.
The temperature across the bow shock drops from Tin = 11.5+6.7
3.1 keV to Tout =
4.81.20.8 keV(e.g., Markevitch et al., 2005) . This corresponds to the Mach number of
M = 2.2+0.9
0.5 . The density jump provides a more accurate measurement of the Mach
number, M = 2.10.40.3 . Both of these measurements are in good mutual agreement.
From the gas temperature in the preshock region, Markevitch et al. (2005) measure
the shock velocity of 2300 km s 1 .
Proust et al. (2000) in their optical study calculated velocity dispersion of
1250 ± 189 km s

1

=

and found strong evidence of merger activity, since the cD galaxy

is not located at the center of the galaxy distribution. Abell 520 exhibits a prominent
radio halo. Govoni et al. (2001) noted the coincidence of the X-ray shock and south
- west edge of the radio halo. The region contains several radio point sources at the
boundary of the halo. The two head - tail radio sources are oriented opposite to the
cluster center. This could be related to the bulk motion of the ICM and therefore
indicates the presence of a merger. Vacca et al. (2014) measured the spectral index
1400
of ↵325
⇠ 1.12. The flat spectral index suggests that the merger is still ongoing and

is continuously accelerating population of relativistic particles.
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Figure 5.3: Exposure-corrected Chandra image of Abell 520 smoothed by a Gaussian
with = 5”. The arrows show shock front and broken pieces from the cool dense
core.
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5.1.4

Abell 521
Abell 521 (Figure 5.4) is a moderately distant (z = 0.247) interacting galaxy

cluster hosting a radio halo connected to a radio relic. The system exhibits an interesting merger scenario where an X-ray brightness edge is located at the position of the
relic. Recently, Bourdin et al. (2013) studied Abell 521 and found various brightness
and temperature anisotropies. They found two shock fronts and two cold fronts in this
cluster. Chandra X-ray image shows the irregular morphology of surface brightness.
In particular, two subcluster core are separated by two cold fronts (CF-1 & CF-2).
Two edges with higher curvature located in outskirts are shock fronts (Shock-1 &
Shock-2). Due to large uncertainty in temperature measurements, the Mach number
obtained from the density jumps was used in our study. The shock strength for Shock
1 & 2 is 1.3+0.02
0.08 and 2.4 ± 0.2 respectively (e.g., Bourdin et al., 2013).
Abell 521 has a radio halo with a steep spectral index ↵ ⇠ 1.9 between 325 MHz
and 1400 MHz (e.g., Bourdin et al., 2013). This suggests that magnetohydrodynamic
turbulence to be responsible for re-acceleration of the relativistic electrons. The halo
covers the central region extending in the east reaching the radio relic. Radio relic has
4890
a spectral index on ↵235
⇠ 1.5 with the evidence of a steepening of spectral index

towards the cluster center from the X-ray edge. These facts support the di↵usive
shock (re-)acceleration being at least partially responsible for radio emission from the
relic. The observed connection between the radio halo and relic may suggest that
pre-existing relativistic electrons have first been accelerated by turbulent gas to form
radio halo, then re-accelerated at the shock front (e.g., Bourdin et al., 2013).
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Figure 5.4: Exposure-corrected Chandra image of Abell 521 smoothed by a Gaussian
with = 5”. The arrows show two cold fronts and two shock fronts.
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5.1.5

Abell 754
Abell 754 (z = 0.054) is a rich nearby cluster in a violent merger stage. This

makes it an ideal candidate to study major mergers. The cluster has been extensively
studied in the optical and X-ray bands. The earlier studies revealed complex galaxy
distribution and extended X-ray morphology which indicated that Abell 754 is undergoing a major merger. The merger axis is located along the east-west direction with
a non-zero impact parameter. Hydrodynamical simulation performed by Roettiger
et al. (1998) reproduced most of the observed X-ray features in Abel 754 by assuming o↵-axis merger between two subclusters with the mass ratio of 2.5:1. However,
Chandra image (Figure 5.5) may indicate a more complex merger possibly involving
a third subcluster. Macario et al. (2011) presented a detailed analysis of the merger
and reported a merger shock with a Mach number M = 1.57+0.16
0.12 .
Abell 754 also exhibits a radio halo and two radio relics first reported by
1365
Kassim et al. (2001). The radio spectrum for the whole di↵use emission ↵330
⇠ 1.6 is

steeper than typical giant radio halos. Also, the radio relic has a very steep spectrum
of ↵ = 2.02 ± 0.04 in the frequency range of 0.3 GHz to 1.4 GHz. However, Macario
et al. (2011) argue that the di↵use shock re-acceleration can’t be responsible for the
whole Mpc scale di↵use radio emission observed in the cluster. On the other hand,
the spatial coincidence of ultra-steep radio edge and the X-ray shock suggests some
kind of physical connection (possibly indirect) between the shock and the di↵use radio
emission. A more detailed study of di↵use radio emission in Abell 754 is presented
in Kale & Dwarakanath (2009).
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Figure 5.5: Exposure-corrected Chandra image of Abell 754 smoothed by a Gaussian
with = 5”. The arrows shows location of the shock front.
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5.1.6

Abell 2744
Abell 2744 (Figure 5.6) is a rich and X-ray luminous cluster located at z =

0.308. Kempner & David (2004) first analyzed Chandra data and found that the
cluster is undergoing a major merger in the north - south direction. An optical study
conducted by Boschin et al. (2006) using 85 cluster galaxies estimated significant
velocity component along the line of sight. Recently, a study performed by Owers
et al. (2014) measured the velocity dispersion of

= 1497 ± 47 km s

1

from 343

spectroscopically confirmed cluster members within a 3 Mpc radius from the center.
They estimated the mass ratio of the merging subclusters to be ⇠ 3:1. A structure
in the north of the main X-ray structure appears to be an infalling group. The main
X-ray body consists of two subcluster core (C1 & C2). The bullet-like southern core
is surrounded by hot gas. The edge covering this core is a shock front with a Mach
number M = 1.4+0.13
0.08 . The edge in the east of northern group is a cold front (e.g.,
Owers et al., 2011).
The cluster also hosts one of the most luminous known radio halo covering
its center 1.8 Mpc, as well as a giant radio relics at a distance of about 2 Mpc from
the cluster center (e.g., Owers et al., 2014). The radio relic is coincident with the
X-ray shock. This suggests that the di↵usive shock acceleration may be responsible
for the emission of the radio relics. However, Eckert et al. (2016) estimate that
the di↵usive shock acceleration efficiency is insufficient to explain the observed radio
power. This suggests that pre-existing population of mildly relativistic electrons has
been re-accelerated at the shock front.
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Figure 5.6: Exposure-corrected Chandra image of Abell 2744 smoothed by a Gaussian with = 5”. The locations of the northern group, the northern core (C1), the
southern core (C2), the cold and the shock front are marked.
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5.1.7

Abell 2219
Abell 2219 (Figure 5.7) at z = 0.225 is one of the hottest and most X-ray lumi-

nous clusters ever known (Ebeling et al., 1998). It is more than twice as bright in the
X-rays as either the Bullet Cluster of Abell 520. Boschin et al. (2004) performed optical analysis based on ⇠ 130 galaxies in the cluster region to determine the line of sight
velocity dispersion of

1
= 1438+109
86 km s . They noticed significant signs of a young

dynamical status and found that the X-ray morphology is elongated in the southeast northwest direction. The cluster shows substructures both in optical and X-ray data.
Canning et al. (2015) analyzed deeper Chandra data and discovered a “horseshoe”
shaped region of hight temperature surrounding the ram pressure stripped, X-ray
bright cool core. This hot region is marked by an edge in the north-west. A second
bow shock is located south-east of the X-ray centroid, making Abell 2219 only the
second cluster where both the shock and the reverse shock are confirmed with X-ray
temperature.
Canning et al. (2015) also found evidence of a sloshing cold front in the ‘remnant tail’ of one of the subcluster cores. Abell 2219 also hosts a radio halo which
appears to be bounded by the shock front in the north-west and the cold front in the
south-east. Usually, merger halos are thought to be generated by turbulence (e.g.,
Brunetti & Lazarian, 2011) while radio relics are located at the periphery of clusters
and are associated with particle acceleration at shock fronts (e.g., Enßlin & Brüggen,
2002). Despite this belief, there are examples of radio halos tracing X-ray shocks
(e.g., Bullet Cluster, Shimwell et al., 2014).
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Figure 5.7: Exposure-corrected Chandra image of Abell 2219 smoothed by a Gaussian with = 5”. The locations of two shock fronts and the cold fronts are marked.
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5.1.8

Abell 2034
Abell 2034 is an interesting merging cluster at z = 0.113. The optical analysis

of around 328 cluster members within in 3.5 Mpc suggests the velocity dispersion of
= 846 ± 31 km s 1 . Surprisingly, the shape of the velocity distribution doesn’t depart
from a gaussian shape. The cluster was quite debated due to a prominent X-ray edge
in the north of the cluster. Earlier Chandra observation analyzed by Kempner et al.
(2003) suggested an edge to the north of the cluster is a cold front. Owers et al.
(2014) analyzed 250 ks Chandra observation and concluded that the edge is a shock
front. They estimated that the temperature and density across the shock front drop
+41
by a factor of 1.83+0.09
0.08 and 1.85 0.41 respectively. This is consistent with the shock

of Mach number M = 1.59+0.06
0.07 . Assuming the preshock temperature of 6.0 keV, the
shock velocity is ⇠ 2057 km s

1

(Owers et al., 2014).

The X-ray morphology of the cluster is extended in the south. The excess
in the south of the cluster is likely associated with the background cluster seen in
projection through Abell 2034. The cluster exhibits some radio emission. However,
the classification of the di↵use radio emission is unclear. van Weeren et al. (2011)
suggests the di↵use emission may be a radio relic, although Rudnick & Lemmerman
(2009) classify it as a radio halo. Radio emission has irregular morphology and shows
weak spatial correlation with the X-ray shock. Owers et al. (2014) suggest that the
emission is due to the revival of pre-existing radio plasma that has been overrun by
shock, rather than being a consequence of direction acceleration of electrons at the
shock front.
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Figure 5.8: Exposure-corrected Chandra image of Abell 2034 smoothed by a Gaussian with = 5”. The locations of the shock fronts and the south excess are marked.
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5.1.9

Abell 2443
Abell 2443 is a rich merging cluster at the intermediate redshift of z = 0.108.

The cluster is dominated by two large galaxies near its center. It also hosts the
powerful radio source 4C+17.89 which is associated with the fainter of the two central
dominant galaxies. Cohen & Clarke (2011) have detected an ultra-steep spectrum
di↵use radio source in the cluster. The Chandra X-ray observation of Abell 2443
revealed a disturbed ICM with the two X-ray surface brightness edges. The two
edges are located in the north-east and the southeast of the cluster. A curved tail
following the northeast edge is also observed. Chandra data analysis done by Clarke
et al. (2013) found that the inner edge in the northeast is a cold front and an outer
edge in the southeast is a bow shock. The density jumps by a factor of ⇠ 1.6 which
suggests the shock of the Mach number M ' 1.4. On the other hand, the temperature
jumps by a factor of ⇠ 3.3 which would imply a stronger shock. Due to insufficient
data, the temperature was measured using large bins which may introduce a large
systematic error in the measurement. Thus, M ⇠ 1.4 was considered in this work
(Clarke et al., 2013).
Abell 2443 hosts a radio relics with a very steep spectrum of spectral index ↵ ⇠
2.7 between 325 MHz and 1425 MHz. The spectral characteristics similar to that of
compression of fossil radio plasma by a merger shock. The indication of curved radio
spectrum presented in Cohen & Clarke (2011) would suggest that the source may
be an adiabatically compressed radio lobe. However, radio observation at broader
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Figure 5.9: Exposure-corrected Chandra image of Abell 2443 smoothed by a Gaussian with = 5”. The locations of the shock fronts and the cold front are marked.

frequency range is required to comment on di↵usive shock acceleration to explain
radio relic at the shock front.
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5.1.10

Abell 3667
Abell 3667 is a low redshift (z = 0.055) and an X-ray bright cluster which

is experiencing a violent merger. The cold front detected in the cluster was among
the first Chandra cluster results. In fact, the term “cold front” was tossed based in
part on the Abell 3667 observations (e.g., Vikhlinin et al., 2001). Chandra observation
provided hints of a fainter outer edge likely a weak bow shock (M ⇠ 1.2). Subsequent
XM M

N ewton observations provided detailed images of a wider region around the

cluster (Sarazin et al., 2016). Deeper XM M data analyzed by Sarazin et al. (2013,
2016) revealed a strong merger shock in the north (Shock-1). The Shock has a Mach
number, 2.54+0.80
0.43 . The magnetohydrodynamical N-body simulations presented by
Roettiger et al. (1999) suggested merger parameters to match observed properties
of the cluster. The model suggested that the Abell 3667 is an o↵set binary merger
where core passage occurred ⇠ 1 Gyr ago. The mass ratio in their model was 5:1.
The X-ray image (Figure 5.10) shows that the smaller subcluster is merging from SE
and has driven a shock ahead of it, which corresponds in position to the northwest
radio relic (Sarazin et al., 2016).
Abell 3667 exhibits a spectacular pair of curved radio relics ⇠ 2.2 Mpc from
the center. The outer edge of the northwest relic is coincident with the X-ray shock.
The radio spectrum steepens by ⇠ 1 (spectral index). This is expected for the case
where the shock is a curved 3D structure far from the relic edge, we are still seeing
radio emission from relativistic electrons which have been accelerated and which are
located at the shock front (Sarazin et al., 2013).
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Figure 5.10: Exposure-corrected Chandra image of Abell 3667 smoothed by a Gaussian with = 5”. The locations of two shock fronts and the cold front are marked.
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5.1.11

Toothbrush Cluster
Toothbrush cluster, also known as RXJ 0603.3+4214, is famous for its tooth-

brush shaped radio relics. The cluster is located at the redshift z = 0.225. Chandra
X-ray image of the cluster shows extended north-south X-ray emission containing
two main peaks. The southern subcluster is better visible and less disrupted than
the northern one. Also, a bullet shaped surface brightness edge is detected in the
south. There is a second outer surface brightness edge ⇠ 300 kpc ahead of the inner
one. Chandra data analyzed by van Weeren et al. (2016) found a pair of cold front
(CF) and shock front (Shock -2) in the south. The shock front has a Mach number
M = 1.39 ± 0.06. They also found a surface brightness discontinuity in the north at
the location of the Toothbrush relic which suggested a very weak shock (Shock-1) of
M ⇠ 1.2 (van Weeren et al., 2016).
The cluster hosts one of the largest and brightest radio relics. Beside the
bright toothbrush shaped radio relics, it also hosts two additional fainter relics and
an elongated radio halo. The spectral index map of this toothbrush relic displays a
clear north-south spectral index gradient, with steepening from ↵ =

0.8 to ↵ 

2.5.

This suggests a stronger shock in the north with the Mach number M = 2.8+0.5
0.3 . Thus,
the observationally derived radio and X-ray shock Mach numbers di↵er significantly
for the toothbrush relic. Also, for di↵use shock acceleration to explain the observed
radio flux density of the relic, an unrealistic fraction of shock energy is required. This
can be reconciled with a scenario where a weak shock re-accelerates a population of
fossil electrons.
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Figure 5.11: Exposure-corrected Chandra image of the Toothbrush cluster smoothed
by a Gaussian with = 5”. The locations of two shock fronts and the cold front are
marked.
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5.1.12

Abell 115
Abell 115 (Figure 5.12) is an X-ray luminous merging galaxy cluster at the

redshift z = 0.197. Barrena et al. (2007) conducted an optical study on 115 cluster
galaxies and estimated the line of sight velocity dispersion of

1
= 1362+126
108 km s .

Their analysis confirmed two structures of cluster type with the line of sight velocity
di↵erence of ⇠ 2000 km s 1 . The northern high velocity cluster is centered near the
radio source 3C28. Earlier X-ray observations showed hints on an ongoing merger
with the detection of two peaks in X-ray surface brightness (e.g., Forman et al., 1981;
Shibata et al., 1999), the brightest one being in the north. The deeper Chandra X-ray
observations analyzed by Botteon et al. (2016a) detected a bow shock cospatial with
the radio relics. The density across the bow shock drops by a factor of 2.0 ⇠ 0.1,
while the temperature decreases from ⇠ 8 keV to ⇠ 4.3 keV. This suggests the shock
of a Mach number M = 1.7 ± 0.1 (e.g., Botteon et al., 2016a).
Abell 115 exhibits a giant radio relic at the northern edge of the cluster and
extends over a distance of ⇠ 1.5 Mpc (Govoni et al., 2001). The radio relic forms a
straight edge in the east-west direction and coincides partially with the X-ray shock,
while the remainder extends in the eastern direction beyond the cluster’s X-ray emission. This suggests that particles are (re-)accelerated by the passage of the shock.
Usually, in the case of a head-on merger, radio relics are expected to form in opposite
directions along the merger axis. However, this is not the case in Abell 115 where
the relic is orientated parallel to the motion of the northern subcluster. This led to
doubts about the nature of relic’s extended emission.
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Figure 5.12: Exposure-corrected Chandra image of the merging galaxy cluster Abell
115, smoothed by a Gaussian with = 5”. The location the shock front is marked.

118

5.1.13

3C438
The galaxy cluster (z = 0.29) associated with the radio galaxy 3C438 is un-

dergoing a merger phase. It is also a Plank source with S/N = 11.07, making 3C438
among the top 10% of the most significant detection in Plank’s 1653 total cluster
detections (Planck Collaboration et al., 2015). Also, this system is one of the few
known to be clearly in early stages of a supersonic merger of two roughly equal mass
clusters. The early Chandra data revealed hot (⇠ 11 keV) ICM with complex morphology similar to a radio outburst or an on-going merger. Recently, Emery et al.
(2016) analyzed 153 ks Chandra data and detected a pair or cold front/shock front
in the southeast of the cluster. They measured a factor of 3.5 ± 0.7 density jump
across the shock front, which indicates a shock of the Mach no M ⇠ 3. However, the
temperature jump of ⇠ 1.8 indicates a much weaker shock. While, the shock strength
of M = 2.3 ± 0.5 was determined by estimating the pressure jump across the edge
(Emery et al., 2016). In this work, M ⇠ 2.3 was considered. The density measurements derived by Emery et al. (2016) may be inaccurate due to over-smoothing of
surface brightness profile.
The 1.4 GHz NVSS radio image showed the radio lobes associated with the
radio galaxy 3C438 and radio relic candidates in the southeast. At large radii, the
radio emission appears to extend in the north of the cluster. Interestingly, the diffuse radio emission located at the southeast traces the X-ray shock, which may hint
that the relics could have formed via di↵usive shock acceleration. However, a high
resolution radio observation is required to confirm this.
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Figure 5.13: Exposure-corrected Chandra image of the merging galaxy cluster
3C438, smoothed by a Gaussian with = 5”. The location the shock front is marked.
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5.2

Clusters without DRE
Surprisingly, a small fraction of merging clusters (around 3 in our sample)

don’t exhibit di↵use radio emission. This fact is one of the highly discussed topics
in the cluster community. Cassano et al. (2010) performed statistical study based on
deep radio and X-ray observations of around 67 clusters and found that the clusters
without a radio halo have low X-ray luminosity and therefore they are less massive.

5.2.1

3C89
Here, 3C89 is used as a short abbreviation for the merging galaxy cluster

RXJ0334.2-0111 (Figure 5.14). The cluster is located at the redshift z = 0.138 and
shows interesting merger scenario. The cluster was observed by Chandra telescope
as a part of the 3C snapshot program. Earlier observation revealed an edge in front
of the merging cool core. Deeper Chandra observations analyzed by Dasadia et al.
(2016a) revealed a unique cold front - bow shock system associated with the wide
angle tail galaxy (3C89). The shock font is consistent with the Mach number M =
1.6+0.5
0.3 and is propagating in front of the infalling cool core.
Interestingly, current data show no di↵use radio emission associated with the
cluster. The radio observation detected the 3C89 AGN and the radio lobes. Radio
lobes are bent opposite to the motion of the galaxy probably due to the ICM ram
pressure. Also, radio lobes are likely interacting with the X-ray gas resulting in a
decrement in X-ray surface brightness in the nearby region. It is unclear why cluster
hosts no di↵use radio emission. For more details see Dasadia et al. (2016a).

121

Figure 5.14: Exposure-corrected Chandra image of the cluster RXJ0334.2-0111,
binned by 1 arcsec and smoothed with a Gaussian 3-pixel kernel. The V LA 1.4 GHz
radio contours are overlaid in blue color. Two surface brightness edges (shock & cold
front) are marked.
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5.2.2

Abell 2146
Abell 2146 (Figure 5.15) at redshift z = 0.234 was the first merging system

with two robust shocks. The Chandra X-ray image of the cluster shows that the
cluster is extended along the northwest to southeast direction. The dense bright
cool core is located o↵set from the center and is being stripped by ram pressure. It
appears that the subcluster core has recently passed through the primary cluster.
Since there is no surface brightness peak associated with the primary cluster has
been observed, it is possible that the primary cluster core has been disrupted in the
collision. The subcluster core is moving towards the southeast is marked by the cold
front. The image also revealed a complex structure ( here named by “plume”) in the
trail of stripped gas from the subcluster core which appears to be developing Kelvin
- Helmholtz (K-H) instabilities along the northwest edge. This extended feature is ⇠
45 arcsec in length and appears perpendicular to the merger axis (e.g., Russell et al.,
2011, 2012). The plume is cooler than its surroundings.
Two shock fronts are clearly visible in the system: the southeast edge (Shock1) ahead of the cold front which can be traced over ⇠ 500 kpc in length and the
upstream shock (Shock-2) in the northwest. Shock 1 & 2 have Mach numbers 2.3 ±
0.2 and 1.6 ± 0.1 respectively (Russell et al., 2012). Surprisingly, Abell 2146 exhibits
no di↵use radio emission. Russell et al. (2011) considered several possible factors and
suggested that the lack of an extended radio halo in Abell 2146 may be due to lower
cluster mass relative to the majority of merging clusters with detected radio haloes.

123

Figure 5.15: Exposure-corrected Chandra image of the cluster Abell 2146 smoothed
by a Gaussian with = 5”. The locations of two shock fronts, the cold front and the
plume are marked.
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5.2.3

RXJ0751.3+5012
RXJ0751.3+5012 (Figure 5.16) is a nearby merging system with two large

galaxy groups at the redshift z = 0.022. The X-ray image by XM M

N ewton

showed surface brightness edges around the two groups and a long tail of stripped
material. Chandra X-ray image provided a detailed picture of the o↵-axis merger
between two groups. The northeast group has recently passed to the north of the
primary, southwestern group. Ram pressure stripped material from the northeast
group is seen in the image. This tail of stripped material extends ⇠ 100 kpc and
appears to have bent towards the southwest group. The bright surface brightness
edge around the north of the northeast group is a cold front. There is a second, outer
edge ⇠ 15 kpc ahead of the cold front. The electron density across the outer edge
drops by a factor of 2.2 ± 0.4. The Mach number of the shock is, M = 1.9 ± 0.4. In
this case, due to large uncertainty in temperature measurements, the Mach number
derived from density jump was considered. Assuming a preshock temperature of ⇠
1.5 keV, the shock velocity is 1100 ± 300 km s 1 . Using galaxy redshifts and the
shock velocity, Russell et al. (2014) estimates that the merger axis is only ⇠ 10 from
the plane of the sky and the time since the closest approach of ⇠ 0.1 Gyr
The cluster doesn’t exhibit extended radio emission. The northern group core
consists of a galaxy pair, with a surrounding IR and near UV ring ⇠ 40 kpc in
diameter. This ring may have been produced by tidal stripping or it may be a
collisional ring generated by a close encounter between the two large galaxies (for
more details see Russell et al., 2014).
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Figure 5.16: Exposure-corrected Chandra image of the cluster RXJ0751.3+5012
smoothed by a Gaussian with = 5”. The locations of two cold fronts, the shock
front and the plume are marked.
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5.3

SoCCERS Merger Properties
The shock properties and merger parameter for sample clusters are measured

and tabulated in Table 5.1. The description for table columns are as follow: Column
1 shows cluster name, bolometric X-ray luminosity is shown in Column2, Column 3
shows the global temperature of the cluster measured within 0.15 R500 - 0.75 R500 ,
Number of Cold Fronts detected in the cluster is shown in Column 4, Column 5 shows
the radius of curvature of cold front(s), Column 6, 7 and 8 show number of shock
fronts detected, their Mach number and radii of curvature respectively, Column 9
shows whether the cluster hosts di↵use radio emission (DRE), Column 11 and 12
show the position of cluster’s centroid, the o↵set between centroid and the cold front
is in Column 13, BCG - Cold Front o↵set is in Column 14, centroid - shock o↵set
is in Column 15, shock’s visible extend or shock length is in Column 16, stand-o↵
distance or the distance between cold front to the closest point on the shock front
is in Column 17, Column 18 shows whether the cluster has a cool core, Column 20
shows the shock’s opening angle measured from the centroid point, Column 21 shows
the cool core radius, bolometric luminosity of the cool core is shown in the Column
22, type of DRE, whether Radio Relic (RR) or Radio Halo (RH) is in Column 23,
the spectral index of the radio substructure is shown in Column 24 and the merger
age is tabulated in Column 25.
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1
1
1
1
2
1

7.8 ± 0.1
7.8 ± 0.2
11.0
4.9 ± 0.4
2.0 ± 0.4
7.3 ± 0.2

44.88
45.17
45.07
45.19

Toothbrush
Cluster
Abell 115
3C438
RXJ0334.2-0111
RXJ0751.3+5012
Abell 2146

1
1

7.1 ± 0.4
8.1 ± 0.8
7.0 ± 0.8

44.8
44.62

Abell 2443
Abell 2034
Abell 3667

1
1
1

9.0 ± 0.4
9.3 ± 0.5
10.8 ± 0.3

45.51
45.46
45.58

Abell 754
Abell 2744
Abell 2219

2

8.7 ± 0.3
7.5 ± 0.4

45.11
44.99

Abell 520
Abell 521

1

12.7 ± 0.3

45.72

Bullet Cluster

2

8.7 ± 0.7

45.13

Abell 665

No. of
(4) CF

kT
(3) (keV)

log(LX,bol /erg sec 1 )b )
(2)

Cluster
(1)

115 ± 10
260 ± 50
5±2
9 (1) ,- (2)
26 ± 5

300 ± 25

52 ± 10
410 ± 15

240 ± 30
136 ± 60
280 ± 80

330 ± 40 (1)

750 ± 100 (1)
120 ± 30 (2)
57 ± 6

Rcf
(5) (kpc)

1
1
1
1
2

2

1
1
2

1
1
2

1
2

2

1

No. of
(6) Shock

Table 5.1: Merger Properties of SoCCERS

3.0 ± 0.4 (1)
2.5+1.3
0.8 (2)
2.1 ± 0.4
2.4 ± 0.1 (1)
1.3 ± 0.02 (2)
1.6 ± 0.1
1.8+0.5
0.4
1.2 (1)
1.2
1.4+0.6
0.2
1.6 ± 0.1
1.2 (1)
2.54+0.8
0.4 (2)
1.2 (1)
1.4 ± 0.06 (2)
1.7 ± 0.1
2.3 ± 0.5
1.6+0.5
0.4
1.9 ± 0.4
2.3 ± 0.2 (1)
1.6 ± 0.1 (2)

3.0 ± 0.6

Mach
(7) (kpc)

860 ± 250
580 ± 150
450 ± 120
420 ± 60
275 ± 30
530 ± 50
236 ± 40

240 ± 30
776 ± 150
640 ± 60
1440 ± 200 (1)
700 ± 100 (2)
460 ± 80
630 ± 100
870 ± 160 (1)
760 ± 200 (2)
150 ± 30
310 ± 20
-

1200 ± 200

RShock
(8)

Yes
Yes
No
No
No

Yes

Yes
Yes
Yes

Yes
Yes
Yes

Yes
Yes

Yes

Yes

DRE
(9)

129
17.35879
33.51539
42.05915
26.41046
38.007663
-1.18222
50.23560

104.6274
73.52624
73.52865
137.32705
3.57770
250.08788
336.53369
227.5508
91.08642
13.96009
328.96734
53.565
117.83746
239.0591

Bullet Cluster

Abell 520
Abell 521

Abell 754
Abell 2744
Abell 2219

Abell 2443
Abell 2034
Abell 3667
Toothbrush
Cluster
Abell 115
3C438
RXJ0334.2-0111
RXJ0751.3+5012

Abell 2146

66.35014

-9.68360
-30.39048
46.70876

2.90743
-10.22175

-55.93929

65.84041

127.74689

Abell 665

Centroid
(12) (Dec.)

Centroid
(11) (R.A)

Cluster
(10)

40

130
450
4
2

45
216

147
-860
500

17

-520 (1)
150 (2)
420

Cent-CF
(13) (kpc)

130
5
2 (1)
16 (2)
44

45
70
-

75
1073
90

-

220

175

BCG-CC
(14) (kpc)

200 (1)
-470 (2)

390
420
813 (1)
-686 (2)
173
172
530 (1)
-1360 (2)
-480
740
55
30

560 (1)
-675 (2)
240
-

-1061

Cent-Shock
(15) (kpc)

550 ± 50
370 ± 30

155 ± 15
-

8
5

20

5

Yes

Yes
Yes
Yes
Yes

No
Yes
Yes
-

No
No

Yes

72 ±
380 ±
50 ±
30 ±

123 ± 5
-

1070 ± 80
1000 ± 50
1100 ± 100
1100 ± 200 (1)
500 ± 100 (2)
1050 ± 100
1050 ± 300
840 ± 200
400 ± 100
880 ± 150
580 ± 50
800 ± 100
1200 ± 150
400 ± 80
1300 ± 250
400 ± 300
50 ± 10

Yes

Yes
No
Yes

600 ± 50

1200 ± 200

Cool
Core (18)

220 ± 400
360 ± 30

CF- Shock
(17)

Shock Length
(16) (kpc)

130

68
170 (1)
80 (2)
88
86 (1)
67 (2)
181
198
57 (1)
50 (2)
161
112
40 (1)
175 (2)
45
96
205
8
163 (1)
70 (2)

Abell 665
Bullet Cluster

Abell 2443
Abell 2034
Abell 3667
Toothbrush
Cluster
Abell 115
3C438
RXJ0334.2-0111
RXJ0751.3+5012
Abell 2146

Abell 754
Abell 2744
Abell 2219

Abell 520
Abell 521

Shock Opening
Angle (20)

Cluster
(19)

(1.6 ± 0.2) ⇥ 1044
(5.1 ± 0.5) ⇥1042
-

65
2.5
-

RR
RR
-

RR
RR
RR
(RR + RH)

RR + RH
RR + RH
RH

(5.1 ± 0.07) ⇥1043
(3.4 ± 0.08) ⇥1044
(2.4 ± 0.06) ⇥1043
(6.8 ± 0.05) ⇥1043
-

RH
RR + RH

RR + RH
RR +RH

(2.0 ± 0.03) ⇥1044
(5.1 ± 0.1) ⇥1044
-

Type of
DRE (RR / RH) (23)

LCC,Bol
(erg s 1 ) (22)

45
70
-

75
90

-

100
110

RCC
(kpc) (21)

-

1.5 (RR)
0.87 (RR)
0.8 - 2 (RR)

1.6 (RR)
1.05 (RH)
0.8 (RH)

1.2 (RH)
1.5 (RR)

1.04 (RH)
1.0 - 1.6 (RR)

Radio Spectral Index
↵ (24)

0.05
0.1
-

-

-

-

0.1 - 0.2

Merger Age
(Gyr) (25)

5.4

Potential Shock Candidates
In this section, potential shock candidate clusters that are not included in

SoCCERS are discussed.

5.4.1

Coma Cluster
Coma cluster is one of the nearest galaxy clusters at the redshift z = 0.023

and the first one in which a peripheral radio relic was discovered (e.g. Ballarati et al.,
1981). The cluster is sufficiently extended that P lank detected at S/N > 22. Coma
has been extensively observed in X-rays from ROSAT all sky survey, XM M N ewton
and Chandra . Individual X-ray analysis of XM M and Suzaku data revealed two
shock fronts, one in the south-east (Shock-1) and the other in the west (Shock-2)
(e.g., Uchida et al., 2016; Ogrean & Brüggen, 2013). Akamatsu et al. (2013) from
Suzaku data reported that the shock in the west has the Mach number M = 2.2 ±
0.5. While, the shock in the south-east has the Mach number M = 2.1 ± 0.1 (Planck
Collaboration et al., 2013).
Coma cluster hosts a giant radio halo and a radio relic. The spatial correlation
between western shock and relic suggests that the non-thermal electrons responsible
for radio relics may have generated by di↵usive shock acceleration. However, the shock
strength measured from X-ray and radio spectrum are inconsistent. Nevertheless,
di↵usive shock acceleration is still viable if it initiated by injection of a pre-existing
population of non-thermal electrons (e.g., Akamatsu et al., 2013).
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5.4.2

Abell 2256
Abell 2256 is a rich nearby merging galaxy cluster at the redshift z = 0.058.

Briel et al. (1991) found two X-ray peaks near the center, separated by ⇠ 3.5’ with
di↵erent temperatures. The velocity dispersion of the galaxies is ⇠ 1300 km s

1

(e.g., Fabricant et al., 1989). A numerical Hydro/N-body simulation performed by
Roettiger et al. (1995) estimated that Abell 2256 is actually two system with a 2:1
mass ratio, whose cores are separated by ⇠ 0.5 Mpc. The Chandra image (Figure 5.17)
shows that the X-ray morphology of the subcluster is elongated in the east-west
direction, while the central part of the main cluster is elongated the north-south
direction. Three surface brightness edges are detected in the cluster. Surprisingly, all
of them are cold fronts and no shock front is detected in current data.
Abell 2256 is one of the best-known examples of a galaxy cluster hosting
di↵use radio emission. It hosts both a giant radio halo and a relics, as all as a
number of head-tail sources. The origin of radio halo and relics is still being debated.
The low frequency radio data analyzed by van Weeren et al. (2012) found that the
relic has a flat spectral index of ↵ = 0.81 ± 0.03. This could indicate that the
increase in particle acceleration efficiency due to an increase of shock Mach number.
Alternatively, particles are re-accelerated by some mechanism in the downstream
region of the shock. However, it is to be noted that the X-ray data show no evidence of
a shock. Also, low- frequency spectral steeping may indicate that relativistic particles
are accelerated in an inhomogeneous turbulent region.
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5.4.3

Abell 3627
Abell 3627 (Figure 5.17) is a nearby (z = 0.016), on-going merger cluster.

The cluster is located behind the MilkyWay near the center of the Great Attractor
(Kraan-Korteweg et al., 1996). It is the 6th brightest cluster in the ROSAT X-ray
band. The X-ray observation shows that the X-ray morphology is elongated to the
south-east from the cluster center. The cluster has an average temperature of ⇠ 7 keV.
Interestingly, current X-ray data show no surface brightness edges in associated with
merging events. Also, the temperature distribution surrounding the cluster seems
smooth.
The X-ray image also shows two gas bodies falling into the system. ESO137
001 is a star-forming galaxy in the northwest of the cluster which is known to possess
a 70 kpc X-ray tail. The tail is also detected in H↵. The tail is truncated in on the
front indicating significant ram pressure stripping (Sun et al., 2007). A second galaxy
ESO137

002 is close to the cluster with a narrow X-ray tail. Both tails are likely

caused by the nearly edge-on stripping. The spectral analysis of this narrow X-ray
tail by Zhang et al. (2013) suggests that the tail is over-pressurized relative to the
surrounding ICM.

5.4.4

Abell 3016
Abell 3016 (Figure 5.17) is a spectacular merging system at the redshift z =

0.219. It is also detected by the P lanck survey. The cluster was observed by the
Chandra telescope as a part of the Chandra - P lank collaboration to study various
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aspects of cluster physics. The Chandra image clearly shows three di↵use components:
a primary cluster (C1) and two subclusters (D1 & C2), merging in an arc-shape
trajectory. The subcluster C1 appears to have a cool core, while D1 has a more
di↵use morphology and shows no bright peak.
The X-ray image of the Abell 3016 revealed two putative shock fronts and
a cold front near the primary cluster. The putative shock fronts are located in the
north (Shock-1) and the southwest (Shock-2) of the primary cluster. Shock-1 has a
distinct flat shape while Shock-2 has a well defined curvature. The Mach numbers
for Shock 1 & 2 are ⇠ 1.2 and ⇠ 1.6 respectively. Deeper X-ray data are required to
better constrain shock properties.

5.4.5

El Gordo
ACT-CLJ0102-4915 also known as “El Gordo” is a recently discovered merging

system at the redshift z = 0.870 (e.g., Marriage et al., 2011). It is the most massive,
hottest, most X-ray luminous and brightest Sundae-Zel’dovich (SZ) e↵ect cluster
known at redshift greater than 0.6 (Menanteau et al., 2012). It was found by the
Atacama Cosmology Telescope (ACT) through its strong SZ signal. From a sample of
89 cluster member galaxies Menanteau et al. (2012) measured the velocity dispersion
of

= 1321 ± 106 km s

1

which is largest among all clusters in the ACT sample

(e.g., Menanteau et al., 2010). The Chandra combined and exposure corrected image
of the cluster is shown in Figure 5.17. The image revealed a bullet like subcluster core
and two “tails” extending o↵ towards the northwest . X-ray morphology is elongated
in the southeast - northwest direction. El Gordo has an average temperature of kT
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Figure 5.17: Exposure corrected Chandra X-ray images of Abell 2256 (top), El
Gordo (top-right), Abell 3627 (bottom-left) and Abell 3016 (bottom-right). The
substructures discussed in text are labeled.
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= 14.5 ± 1.0 keV. Recently observed deeper Chandra observation showed multiple
density discontinuities. The deeper Chandra data analyzed by Botteon et al. (2016a)
revealed a strong shock (M ⇠ 3) in the north of the cluster.
The cluster hosts a prominent radio halo which is connected to a part of radio
relics, located in the opposite directions at the northwest and the southeast edge of
the X-ray emission. The northwest radio relic has a steeper radio spectral index of
↵ ⇠ 1.4. Botteon et al. (2016a) found that di↵usive shock acceleration (DSA) of
thermal electrons are consistent with the measure synchrotron spectrum. However,
only shocks with M > 3.5 appear energetically viable for DSA while for weaker shocks
re-acceleration model would be preferred.
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CHAPTER 6

DISCUSSION

Clusters of galaxies are the largest and most massive structures in the Universe. They form hierarchically by the merger of smaller clusters (Press & Schechter,
1974). The most common cluster mergers involve relatively small groups. Major
mergers between clusters with similar masses are rarer but more spectacular than
minor mergers. These major mergers drive many hydrodynamical phenomena such
as turbulence and shocks into the ICM. Usually, merger shocks span over distances
of several hundred kpc and have relatively low Mach numbers of M ⇡ 1 - 3. They
are the most important source of heating for the ICM in the massive clusters. Collisionless astrophysical shocks in low density ICM are key candidates for
accelerating electrons to relativistic energies. This has been verified by the detection
of extended di↵use radio relics near the X-ray shocks in many mergers.
In this dissertation, we constructed a sample of 16 Chandra clusters with robust
bow shocks to study shock properties. We introduced SoCCERS - Sample of Chandra
ClustErs with Robust Shocks. The merger scenario and geometry for each sample
cluster is discussed in Chapter 5. Out of 16 clusters in the sample, 13 clusters exhibit
di↵use radio emission.
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6.1
6.1.1

Shock Comparison
Mach Number Vs System Temperature
For the clusters hosting bow shocks (from our sample plus shocks detected

by other telescopes), we compare the shock strength with the corresponding system
temperature of the cluster. In Figure 6.1 for Abell 665 (M ⇠ 3.0, Dasadia et al.,
2016b), the Bullet Cluster (M ⇠ 3.0, Markevitch et al., 2002), Abell 520 (M ⇠ 2.1,
Markevitch et al., 2005), Abell 2443 (M ⇠ 1.4, Clarke et al., 2013), Abell 115 (M ⇠
1.7, Botteon et al., 2016a), the Toothbrush cluster (M ⇠ 1.2 and M ⇠ 1.4, van Weeren
et al., 2016), Abell 2146 (M ⇠ 2.3 –downstream and M ⇠ 1.6 –upstream, Russell
et al., 2012), Abell 521 (M ⇠ 2.4, Bourdin et al., 2013), Abell 754 (M ⇠ 2.1, Macario
et al., 2011), Abell 2744 (M ⇠ 1.8, Owers et al., 2011), RXJ0751.3+5012 (M ⇠ 1.9,
Russell et al., 2014), Abell 2034 (M ⇠ 1.6, Owers et al., 2014), Abell 2219 (M ⇠ 1.2
- 1.15, Canning et al., 2015), Abell 1750 (M ⇠ 1.6, Belsole et al., 2004), Abell 3376
(M ⇠ 2.9, Akamatsu et al., 2012) and Abell 3667 (M ⇠ 2.5, Sarazin et al., 2016), the
Coma Cluster (M ⇠ 1.8 –in the south and M ⇠ 2.3 –in the west, Akamatsu et al.,
2013; Ogrean & Brüggen, 2013; Uchida et al., 2016) and 3C438 (M ⇠ 2.3, Emery
et al., 2016).
The Mach numbers stated above are constrained from both the density and
the temperature jumps, which gives consistent results on the shock strength. The
significance of shock detection varies from case to case. In this project only robustly
detected shocks from both the density and the temperature jumps the are included.
The following cases, Sausage Cluster (e.g., Ogrean et al., 2014a), ZwCl 2341.1+0000
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Figure 6.1: The Mach number vs. cluster temperature for known cluster shocks.
The shock discovered in this work is shown in blue. The clusters with and without
di↵use radio emission (DRE) are shown in black and red respectively. The data points
from Chandra, XMM-Newton and Suzaku are displayed using square, “X”, and “O”
respectively. The dashed lines are of equal shock velocities from 1000 to 4000 km
sec 1 . The shock front discussed in this paper is highlighted by a blue data point.
Note: not all works provided uncertainties for Mach numbers.

(e.g., Ogrean et al., 2014b) and El Gordo (e.g., Botteon et al., 2016b) don’t meet the
criteria so they are not included in this part of discussion.
Clusters were divided into two categories with and without the di↵use radio
emission (DRE). The lines of equal shock velocities are marked with the dashed curves
at v = {1, 2, 3, 4} ⇥ 103 km sec 1 . Figure 6.1 shows that the clusters without
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di↵use radio emission tend to have lower system temperature than clusters
with di↵use radio emission.
While the current sample of the clusters without di↵use radio emission is small,
this conclusion is not surprising, given that radio halos and relics are generally found
in massive clusters (e.g., Cassano et al., 2010). As clusters without the DRE seem
to have shocks with comparable strength to shocks in clusters with the DRE, it is
interesting to conduct a deep search for radio emission in the formal sample. Is the
di↵erence on the DRE due to the depth of the current radio data? Or does the
di↵erence originate from the di↵erence on the seed population of relativistic particles
and merger history?

6.1.2

Shock Radius of Curvature (RShockF ront ) Vs Cold Front Radius of
Curvature (RColdF ront )
The transonic motion of the cool core (M > 1) creates a Mach cone with

an opening angle sin

= M

1

. For M = 3, the shock in Abell 665 should have

an opening angle of ⇠ 20 from the merger axis. However, the X-ray image shows
a widely open “Mach cone” with a large radius of curvature. The most feasible
explanation for this comes from the fact that the cold fronts are not a solid body,
but a cloud of gas whose outer layered gas is being continuously stripped by the
shocked gas. Therefore, it can be assumed that the shape of the shock front does not
correspond to a Mach cone, but rather reflects the velocity and size of the cool core.
We test this by comparing the cold front radius of curvature (RColdF ront ) with
their respective shock front radius of curvature (RShock ). The comparison is shown in
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Figure 6.2: The comparison between radius of curvature of cold and shock fronts.
It can be seen that the shape of the shock is highly correlated with the shape of the
cold front.

Figure 6.2. It can be inferred from that figure that the shape of the bow shock
appears to be correlated with the shape of the cold front. Of course, the
strength of the shock is decided by the velocity at which the core is falling in.

6.1.3

Shock Strength Vs O↵set From the Centroid
The strength of the bow shock is often decided by the temperature and density

jump measurements. In addition, the main cluster’s radially declining density profile,
in which shock propagates, and decelerates should also a↵ect the Mach number. In
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Figure 6.3: The comparison between shock strength Vs the o↵set from the cluster
centroid. It appears that strong shocks are detected in the cluster outskirts. This
could be due to an overall increase in the density jump as the shock propagates in the
outskirts.There are two exceptions: one in Abell 2219 and the other in the Toothbrush
cluster. A larger sample is necessary to draw any firm conclusion.

Figure 6.3, we compare the shock strength vs its location in the cluster. For this
comparison, we measure the distance between the closest point on the shock from
the stagnation point and the centroid of the clusters. The centroid of the cluster was
determined using the same technique mentioned in section 3.3.2.
The strong shocks (M > 2.5) are often detected at distances greater than ⇠ 600
kpc from the cluster centroid. One possible explanation for this is the overall increase
the in the density jump as the shock front propagates in the cluster’s outskirts.
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Figure 6.4: The comparison between radius of curvature of cold and shock fronts.
It can be seen that the shape of the shock is highly correlated with the shape of the
cold front.

However, the shock fronts in Abell 2219 and the Toothbrush cluster are quite an
exception to this scenario. In both clusters, shocks are very faint and perhaps not
well constrained due to projection e↵ects. Also, shock fronts located near the center
produce shallower density contrast. Thus, it is difficult to derive accurate shock
properties for such low-contrast shocks.

6.1.4

Shock Length Vs O↵set From the Centroid
In context to the previous discussion on shock contrast, it would be interesting

to study how shock contrast varies over the distance. We pick shock’s visible length
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i.e., the distance over which the edge is clearly visible, as a measure of shock’s contrast. To determine the shock length, we visually made smaller line regions which
followed shock’s radius of curvature. The total distance was then measured by summing smaller line segments. The distances measured in the direction of the merger
are labeled in positive values and distances in the opposite direction are labeled in
negative values.
A comparison of shock length vs its distance from the centroid is shown in
Figure 6.4. Figure shows that the projected shock lengths tend to increase with the
shock propagation. This is in agreement with the scenario that distinct shocks can
be traced over larger distances due to better contrast. However, this can’t be
applied to all mergers as merger geometry and projection e↵ects can influence shock
detection.

6.2
6.2.1

E↵ect of Mergers on Cool Core
Cool Core Stripping
The cool cores falling into clusters are progressively stripped of their gaseous

atmosphere due to their motion through ICM (e.g., McCarthy et al., 2008). The classic model that describe gas stripping consist of two mechanisms: i) the ram pressure
stripping or pushing by the ICM , ii) continuous stripping to various instabilities or
viscous momentum transport at the core boundaries.
Ram pressure stripping occurs in the outer regions of the cool core where
the ICM ram pressure exceeds the local gravitational force of the cluster. In this
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Figure 6.5: Stripping of a compact spherical core as it moves through ICM. Density slices through orbital plane are shown. Figure reproduced from the simulations
developed by Roediger et al. (2015a)

scenario, the cool core gas is virtually pushed out of the core by ambient wind because
it is not sufficiently bound by the gravity. Roediger et al. (2015a,b) performed a
numerical simulation to demonstrate gas stripping of the Virgo elliptical galaxy M89
(see Figure 6.5). The simulation showed stripping of a dense spherical core as it moves
through ICM with the Mach number 1.3 - 1.7.
During the infalling gas cloud motion, the surrounding gas flows around it.
In some cases, the tangential flow between the clouds may develop some kind of
instability e.g., Rayleigh Taylor (R-T) and Kelvin-Helmholtz (K-H) instabilities (see
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Inogamov, 1999, for more details). The R-T instability in the fluids develops due to
an inertial force directing the dense cloud to the less dense phase. As the gravitation
acceleration at the gas cloud surface is large by a factor of ⇠100 than the drag
acceleration caused by R-T instability, the R-T instability is less likely to occur in
galaxy clusters. In contrast, the K-H instability occurs at the interface between two
fluids due to their shearing motion. This can often be seen as distortion in the shape
of surface brightness edges at the region away from the stagnation point where the
magnetic field is not sufficient enough to suppress it.
If the motion of infalling cool core is transonic (M > 1), a bow shock can
be formed at some distance ahead. The distance between the stagnation point (the
point where the local velocity of the fluid is zero) and the closest point on the bow
shock (the shock “stand-o↵” distance ds ) can be estimated using the approximate
method described by Moeckel (1943) (see Shapiro, 1953, for more details). For a
rigid sphere, the ratio of the shock stand-↵ distance, ds , to the radius of curvature of
the cold front Rcf depends on the Mach number M . Figure 6.6 (dashed line) shows
the value of ds /Rcf as a function of (M 2

1)

1

(Schreier, 1982). The data points

show observed ratios, ds /Rcf , for known shocks located ahead of a cold front (Abell
665 (Dasadia et al., 2016b), 3c89 (Dasadia et al., 2016a), Bullet Cluster (Markevitch
et al., 2002), Abell 754 (Macario et al., 2011), Abell 520 (Markevitch et al., 2005),
Abell 2146 (Russell et al., 2012), Abell 2744 (Owers et al., 2011), RXJ0751.3+5012
(Russell et al., 2014). We find that most of the clusters (except for Abell 754) don’t
agree with the model. A possible explanation is that the infalling cool core constantly
being stripped is not a rigid body. Stripping continuously reduces the core radius and
146

Figure 6.6: The ratio of the stand-o↵ distance of the shock ds to the radius of
curvature Rcf of the stagnation region of the cold front, as a function of (M 2 1) 1
for all the known shock front/cold front combinations (3C89 & A665 included in blue)
and for a rigid sphere from model (dashed line, see text for detail). The much larger
ratios typically found in observations suggests that the core is continuously being
stripped.

increases ds at the same time. We find that the ds /Rcf ratios can be reduced
to agree with the model, if the core radius is increased by a factor of 2 3 and ds is decreased accordingly.

6.2.2

Cool Core Strength
The brightest cluster galaxies (BCGs) typically lie at the bottom of the grav-

itational potential well. Mostly in relaxed clusters, this location is positioned within
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the cool core where gas is capable of condensing out of the hot phase. This character of BCGs allows them to be used as an important diagnostics of the hot cluster
(Sanderson et al., 2009). For example, the projected distance between the X-ray
peak associated with the infalling cool core and the main cluster BCG is sensitive to
the cluster?s dynamical state (Katayama et al., 2003). In cluster mergers, it is often difficult to determine the BCG associated with the di↵erent merger components.
The alternative approach is to measure the projected distance between X-ray peaks
associated with the both merger components. However, sometimes it is hard to di↵erentiate two components. For example, in Abell 2219 and Abell 2034 individual X-ray
peaks are not clearly visible, while in the Bullet cluster and 3C89 two components
are clearly separated. For this analysis, we try both approaches.
Both approaches have pros and cons. Theoretically, the first approach seems
to be a better indicator of a cluster?s dynamical state. However, determining the
BCG of each merger component is a tedious process since it requires detailed optical
analysis of galaxy distributions over several energy bands. The second approach is
easier but heavily rely on projection e↵ects. In many major mergers, the disrupted
gas makes it difficult to distinguish primary cluster from the infalling subcluster. This
may cause additional systematic uncertainties in centroid measurements.
In order to connect the BCG - X-ray peak o↵set to the strength of the cool
core, I measured the cool core luminosity. A key signature of a cool core is high
gas density - and hence high luminosity, which can be easily measured from Chandra
data. The definition of the cool core varies in di↵erent studies. Hudson et al. (2010)
performed a detailed analysis of 64 galaxy clusters to segregate cool core and non
148

Figure 6.7: The main cluster BCG - cool core o↵set vs cool core luminosity (LX,bol ).
Cool core radius was estimated so that it contains region where cooling time of the
gas is less than 10 Gyr. LX,bol was measured within this region in 0.1 - 100 keV energy
band. It can be inferred that the cool cores with a higher o↵set from the main cluster
BCGs tend to be more strong and have survived the merger.

cool core clusters. They found that the cooling time (tcool ) is the best parameter to
identify cool core clusters at low redshift. Therefore, following Hudson et al. (2010),
we defined cool core as the region where cooling time is lower than the Hubble time,
i.e., tcool < 10 Gyr.
In Figure 6.7 and 6.8, we show a comparison between cluster?s disturbance indicator vs the cool core luminosity (LX,bol). In Figure 6.7, we measure the projected
distance between primary cluster?s BCG and the cool core as a disturbance indicator
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Figure 6.8: The main cluster centroid - cool core o↵set vs cool core luminosity
(LX,bol ). Cool core radius was estimated so that it contains region where cooling time
of the gas is less than 10 Gyr. LX,bol was measured within this region in 0.1 - 100
keV energy band.

while in Figure 6.8 the projected distance between the centroids of the main cluster
and the cool core is used. Figure 6.7 shows a clear correlation between cool core
strength and the cluster?s dynamic state. However, this trend fades in Figure 6.8.
Also, Figure 6.8 should be interpreted with caution due to systemic error involved in
the centroid measurements.
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6.3

Correlation of X-ray and Radio Substructures
Radio and X-ray observation of galaxy clusters prove that the thermal and non-

thermal emission components coexist in the ICM. While X-ray emission is mainly due
to thermal process from di↵use hot gas, the radio observations reveal the presence of
ultra-relativistic particles and cluster scale magnetic fields (Cassano, 2009; Cassano
et al., 2010). Observations suggest that radio halos are found in clusters with unrelaxed X-ray morphology, as well as complex density and temperature substructures,
which are key signatures of cluster mergers (Markevitch & Vikhlinin, 2007; Venturi
et al., 2008).
There have been several attempts made to quantitatively correlate dynamical
states of clusters with RH with the unrelaxed state of the cluster. Buote (2001) studied the correlation between the radio halo luminosity at 1.4 GHz and the magnitude
of the dipole power ratio P1 /P0 . The power ratio Pi /P0 reflects the contribution of the
ith moment to the power of the total gravitation potential. They concluded that the
strongest radio halos appear only in those clusters currently experiencing the largest
departure from a virtualized state. This suggests that the gravitational process of
cluster formation may also trigger non-thermal components in clusters through the
acceleration of high energy particles via shocks and turbulence Sarazin (2004).
Venturi et al. (2007) presented the result of the Giant Meterwave Radio Telescope (GMRT) cluster radio halo. The observations confirmed that the di↵use radio
emission is not ubiquitous and only 30% of the X-ray luminous clusters (LX (0.1
keV)

2.4

5⇥1044 erg s 1 ) host a radio halo (Venturi et al., 2008). Brunetti et al. (2007)
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showed that the radio halo clusters can be separated from clusters without radio halo
using a bimodal distribution of these clusters in the 1.4 GHz radio power (P1.4 ) versus
X-ray luminosity LX . They found that the radio halos trace well-known correlation
between P1.4 and LX , while the upper limits to the radio luminosity of non-radio halo
clusters lie an order of magnitude below the correlation (see, e.g., Figure 4 in Brunetti
et al., 2007). The relevant result of their analysis is that the occurrence of
giant radio halo increases with the cluster mass.
Radio relics are extended di↵use synchrotron emission not located on the cluster periphery with no clear optical counterparts. Usually, relics show an elongated
structure, a steep spectrum (↵ > 1) and are polarized at a level of ⇠ 10 - 30 %.
Currently ⇠ 30 clusters have been detected where at least one relic source is present.
Many of them are rich Abell clusters with a confirmed X-ray shock. Giovannini &
Feretti (2004) compared the relic total radio power at 1.4 GHz with the parent Xray luminosity. They found a clear correlation: P1.4GHz / 10K LX,bol , where K is in
the range from 0.8 to 2.2. The large dispersion in correlation may indicate that the
connection between thermal and relativistic plasma in relics is weaker than in halos
(Giovannini & Feretti, 2004).
Theoretical models for radio relics assume particle acceleration at the shock
front. The di↵usive shock acceleration (DSA) from the thermal pool successfully
explains the radio emission in supernova remnant (SNR) shocks. However, SNR
shocks have much higher Mach number (M ⇠ 100) than the shocks produced by
cluster mergers. Also, the observed synchrotron brightness requires a large particle
acceleration efficiency at the shock. To alleviate this requirement, recent models for
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cluster relics assume shock re-acceleration of a pre-existing population of electrons
(e.g., Vazza et al., 2015; Kang et al., 2012).
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CHAPTER 7

CONCLUSIONS

We set out in writing this dissertation with the goal of making a sample of
merging galaxy clusters with shock fronts and studying shock features and its impact
on ICM, a fascinating aspect of cluster physics. In this dissertation, we made a Sample
of Chandra ClustErs with Robust Shocks (SoCCERS, Chapter 5 & 6). The sample
consists of 16 galaxy clusters were picked from strict selection criteria (Chapter 2).
This dissertation demonstrates the impact of shocking features on the ICM (Chapter
3 & 4) and studies shock properties of SoCCERS. The highlights from this work are:
• The new 66 ks Chandra observations of the merging galaxy cluster RXJ0334.2?0111
revealed a robust merger shock ahead of the infalling of subcluster cool core.
We estimated the Mach number to be M = 1.6+0.5
0.3 . We also detected additional
merger features such as i) an overpressurized region ⇠ 250 kpc east of the cool
core, ii) a long “tail” which could extend over a distance of ⇠ 1 Mpc, iii) an
X-ray cavity near the cold front likely formed by interacting radio lobes of 3C89
with the X-ray gas.
• Our analysis of deeper Chandra observations of Abell 665 found a very strong
merger shock of Mach number M = 3.0 ± 0.6. This newly discovered shock
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makes the Abell 665 the second cluster, after the Bullet cluster, where a strong
shock of M ⇡ 3 has been detected. Abell 665 hosts a bright radio halo. Current
data show hints of di↵use radio emission extending to the shock, which needs
to be better examined with deeper radio data.
• For clusters hosting bow shocks, we compared the shock strength with the corresponding system temperature of the cluster and found that the clusters which
exhibit di↵use radio emission (DRE) tend to have higher system temperature
than clusters without DRE.
• From the radius of curvature comparison of cold front/shock front pairs in
SoCCERS, we found that the shape of the bow shock is correlated with the
shape of the cold front.
• In an another comparison between shock visibility, shock strength and its location, we find that the more distant shocks are visible over a larger distance
and tend to be stronger than the shock located near the center. This could be
because as the shock propagates in outskirts, it forms a better density contract.
However, this may not be the case for all mergers as geometry and projection
e↵ects can influence shock detection.
• From a comparison of SoCCERS between the ratio of the stand-o↵ distance (ds )
to the radius of curvature of the cold front (Rcf ) and the shock Mach number,
it is found that most merger shocks in the clusters (apart from Abell 754 and
A2443) do not agree with the model results for a rigid sphere. We suggest that
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stripping continuously reduces the cool core radius and increases ds /Rcf ratio
accordingly.
• The luminosity measurements of the cool cores in SoCCERS revealed that the
cool core strength correlates with projected cool core - BCG o↵set indicating
that stronger cool cores are more likely to survive mergers.
While this dissertation provide insights into galaxy mergers using X-ray data,
it also opens up more questions that will be subject to future studies. For example,
currently, it is not clear how shocks and radio relics are correlated. Some shocks clearly
visible in X-rays don’t show any radio emission (e.g., Abell 2146 & 3C89) while others
show stronger correlations (e.g., Bullet Cluster, Abell 754). We believe that radio
relics are produced by di↵usive shock acceleration of pre-existing ultra-relativistic
electrons rather than thermal electrons. The fact that some shocks exhibits relics
and some don’t may be explained by di↵erent densities of seed electrons available for
re-acceleration at the shock. However, this scenario needs to be examined in better
detail.
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